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COLOR STANDARD FOR RUBY MICA 
By Deane B. Judd 


ABSTRACT 


At the request of the Metals Reserve Company and the War Production Board, 
a study has been made of the color classification-of mica used by the mica-con- 
suming industry. This classification has been found to be consistent and can be 
reproduced from the chromaticity of the mica specimien and its daylight trans- 
mission considered in relation to thickness. A method of defining ruby mica in 
these terms is deseribed, and as.it does not depénd upon the physical integrity of 
anv material color standard, this definition constitutes a fundamental color stand- 
ard for ruby mica. This standard is particularly for application to micas. close 
to the border line between ruby and nonruby. ; ; 


CONTENTS 


’. Derivation ahd validification of a color standard for ruby mica_-_--- -- 
Procedure used in color grading mica Seok Sip aukaka dis 


I, INTRODUCTION 


Mica is a critical material.for the manufacture of electrical equip- 
ment fer the armed forces because it is a good insulator and can a 
split to desirable’ thicknesses. Capacitor manufacturers prefer 
“ruby” mica because they find that the better qualities (clear, clear 
and slightly stained, fair stained, good stained)' are of satisfactory. 
power factor and easy to split, whereas the “‘nonruby” micas of the 
same qualities often tend to be brittle, and much of it is found to have’ 
undesirably high power factor. At the request of the War Production 
Board and the Metals Reserve Company, a study has been made of 
the system of determining the color of mica by visual inspection used 
by. the mica-consuming industry. There are micas of many colors: 
ight green, green, rum, ruby, and intermediates between them, so that 
lassification into ruby and nonruby often depends upon. color differ- 
tuces so small as to be scarcely perceptible. As there have been no 
formally accepted standards for ruby mica the inspector must develop 
‘om his experience an idea of the borderline colors, and remember 
them. Furthermore, a given borderline mica will exhibit a progres- - 
‘ion of colors from aa colorless through yellowish gray to dark’ 


ree 
_ Standard methods of test for grading and classification of natura] mica, Am. Soc. Testing Materials, 
‘taderds, part III, Nonmetallic Materials, p. 504 (1944) D 351-38, , 
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brown, inclining more toward red as the thickness of the specimen viewed 
is increased; so the inspector must take into account the thickness 
of the specimen in order to arrive at a judgment characteristic o{ 
the mica independent of its thickness. This he does by viewing th» 
mica in several ways; single specimens of various thicknesses viewed 
against the sky, a handful of specimens viewed against the sky, singl. 
specimens of various thicknesses placed on a white surface and viewed 
by light that passes through each specimen twice, once to illuminate 
the white surface, once to reach the eye of the observer, and finally 
directly in the stock box or barrel in an opaque layer by light reflected 
from the nearly parallel faces of the various specimens in random posi- 
tion at various depths in the pile. His judgment is complicated by 
the fact that mica from a single mine to be classified exhibits more or 
less variation in color from specimen to specimen and from spot to 
spot within the same specimen. 

In spite of these difficulties there has become established by trad 
practice a fairly definite idea of what is acceptable to the mica- 
consuming industry as ruby mica. _ An experienced inspector of mica 
comes to remember the family of colors corresponding to specimens 
of various thicknesses by constant intercomparison of members of 
such families. He disregards small variations such 4s air or mineral 
inclusions, or cloudy or stained areas of a specimen, makes a mental 
average of the colors of various specimens from a given lot or min 
and makes a mental comparison with a mental border line between 
ruby and nonruby that is surprisingly reliable and consistent. 

It is the purpose of this paper to set up in fundamental terms tly 
color standard for ruby mica, heretofore existent only in the memories 
of mica inspectors, and to show how this fundamental standard may 
be applied, particularly to specimens so close to the border line be- 
tween ruby and nonruby as to make doubtful their classifications by 
direct visual inspection. 


II. SELECTION OF BORDERLINE SPECIMENS 


At the request of the War Production Board an industry task com- 
mittee familiar with the visual classification of mica met in Asheville, 
N. C.; on December 4, 1944, to review the classification of 35 lots o 
mica, classed as nonruby or doubtful, at the southern headquartes 
of ‘the Colonial Mica Corporation, set up as agent for the Metals 
Reserve Company to ensure so far as possible a maximum supply of 
domestic mica for war industries. One-pound samples were taket 
of each of these Iots and an extra sample of three of them. In add- 
tion, specimens characteristic of near-borderline mica from nil 
mines and eight stock boxes were also selected.. These 17 specimens 
were visually intercompared, and it was noted that the color grading 
was consistent to a high degree. After correction of one: small i! 
consistency in the color grading by consultation with George Purce: 
Wm. J. Alexander, and Bradley Johnson of the Colonial Mica Cor 
poration, with due regard to the judgments of the industry task com 
mittee, five:specimens were selected to represent the border line be 
tween ruby and nonruby mica. These specimens were cut in two a 
each half marked respectively as follows: No. 2 quality border lin: 
No..1 quality border line, No. 1 quality ruby, No. 37 green, and No. ! 
border line. One half of each was left at the Asheville offices 4° 
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physical standard defining ruby mica. The other half of each was 
measured to provide a fundamental definition of the border line be- 
tween ruby and nonruby mica. 


III. METHOD. OF MEASUREMENT 


The approximate thicknesses of the five standard specimens were 
found by means of a direct-reading micrometer. 

The five specimens were illuminated perpendicularly by artificial 
daylight (incandescent lamp combined with Corning Daylite glass of 
such thickness as to yield a color temperature of 6,500° K) in the 
chromaticity-difference colorimeter ?: and’ the chromaticity difference 
between the incident and emergent light was determined for each 
specimen in terms of the chromaticity coordinates. (z,-y) of the stand- 
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FiguRE 1.—Chromaticity (2, y) diagram showing borderline mica specimens (crosses) 
ompared to standard illuminant C: (square), to ruby color (solid dot) and to the 

spectrum. colors (small circles). 

These mica specimens have chromaticities corresponding to weak yellow and pale brown, and are to be con- 

sidered close to “ruby” only in accord with the meaning of the term in trade practice. These chromatic- 

ues by a coincidence happen to fall close to those of the ideal radiator at about 4,800° K. 

_ 


'D. B. Judd, Specification of uniform color tolerances for textiles, Textile Research 9, 258 (1939). 
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ard ICI colorimetric coordinate system.’ The chromaticity coordi. 
nates ‘(z, y) for each specimen were estimated for ICT standard 
illuminant C (representative of average daylight) by adding the 
z-difference (Az) to the z-coordinate (0. 3101) for illuminant (C and 
by adding the y-difference (Ay) to the y-coordinate (0.3163): tha 
is, z for each specimen was computed as 0.3101-+Az, and y was com- 
puted as 0.3163+Ay. Figure 1 shows the chromaticity diagram 
formed by plotting y against z.. The chromaticities of. the standard 
specimens are shown by crosses in relation to those (small circles) of 
the spectrum and the point (indicated by a square) representing 
illuminant C, which corresponds to a colorless mica. It may: be noted 
that the range of chromaticities covered by the five specimens js 
relatively small, and it happens that the points fall ie se to the 
Planckian locus in the neighborhood of 4,800° K. Thus by a coinci- 

dence the borderline between ruby and nonruby mica agrees fairly 
well with the Planckian locus, but the agreement is only approximate, 

and no significance is to be attached to the coincidence. - As might be 
expected, none of this limited range of borderline chromaticities js 
close to what is understood by ruby (1=0.46, y=0.30; see solid circle 
in the general sense. The color names generally appropriate to these 
borderline specimens are weak yellow, very pale brown, and pale 
brown.’ The designation “ruby” for colors near to these has signifi- 
cance, therefore, only relative to classification of mica in accord with 
trade practice. 

The daylight transmittance,’ 7, of the lightest part of each specimen 
Muminated perpendicularly by Awede scent-lamp light filtered 
through a Corning Daylite glass was determined by means of a 
Martens photometer. 

The. two chromaticity coordinates (z, y) and the daylight trans- 
mittance, 7, serve as a fundamental, three-part specification of the 
color of each specimen. 


IV. DERIVATION OF A HUE AND A LIGHTNESS INDEX FOR 
MICA COLORS 


The classification of mica as ruby or nonruby is primarily a hue 
classification,’ but the hue boundary between ruby and nonruby is 
more toward the red for dark micas than for light. It is necessary, 
therefore, to derive both a hue index and a lightness index from the 
fundamental specification of the color (7, z, y). Furthermore, as the 
classification ruby or nonruby applies to mica as a —— inde- 

endent of the thickness of the particular specimen, these hue and 
Lightness indices must likewise be independent of the thickness of the 
specimen. That is, from transmission and chromaticity measure 
ments of any specimen of whatever thickness within the range (factor 


’ ees the Eighth Session, Commission Internationale de |’ Eclairage, Cambridge, yore 


1931); D. B. on = 1931 ICI standard obser ver and coordinate system for colorim« 
a. 23, 359 (1933); C. Hardy, Handbook of colorimetry (Technology Press, (a! 


* See, for - the color designated as ruby A G 6) by A. Maerz and M. Rea Paul, A dictionary ° 
color, (McGraw- ii fl Book Co., Inc., New York, N. Y., 1930). as 
DB. Judd, and K. L. Keily, Method of designating colors, J. Research NBS 28, 355 (1939) RP1Z 
‘ Transmittance is the ratio of transmitted to incident flux; formerly, transmission. See Physica! co! 
pts; radiant en and its measurement, Committee on Colorime a J. Opt. Soc. Am. 34, 188 oe 
“THe is the attribute of color that determines whether the color is yollew, green, blue, purple, 


like. ' 

Lightness is the attribute that permits an object-color to be classified as equivalent to some mem ber 
the series of grays ranging between black and white. See ASTM Tentative Definitions of Terms Relating 
to Paint, Varnish, Lacquer and Related Products, D16-42T. 


t+ 
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of about 10) suitable for test, it should be possible to find the same 
jue and lightness indices within the uncertainties of the measurements. 

As a basis for choosing functions of daylight transmittance, 7’, and 
chromaticity coordinates (z,; y) that could serve as these -indices, 
measurements were made upon six specimens selected at random from 
five different mica mines ranging from a specimen found to be ruby by 
a large margin to one that is very green, and including some that are 
close to the border line. These specimens, except for 110R and 117R 
arbitrarily numbered, are identified by the number of the lot from 
which they were chosen followed by an “R”’ to indicate that they are 
random choices. After each specimen was measured it was split: so 
as to provide new: specimens of about one-third and two-thirds, 
respectively, of the original thickness.. And one such specimen after 
measurement was again split, yielding-measurements at five different 
thicknesses. One specimen (No. .35) exhibited two distinct and 
uniform color areas side by side; these areas are designated “35 red”’ 
and “35 green,” respectively, and were measured separately. 





Taste 1.—Dependence of lightness index and hue index on thickness: of specimen 
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Table 1 gives for these specimens not only the thickness in hun- 
dredths of an inch, the daylight transmittance, 7’, and the chroma- 
ticity coordinates (zx, y), but also the dominant wavelength computed 
from the chromaticity coordinates,’ and the ratio of the negative loga- 
rithm of internal transmittance to the thickness, d. The internal 
transmittance is obtained from the measured transmittance by cor- 
recting for the losses of light by reflection at the two surfaces and has 
deen computed as 7'/0.90, the constant 0:90 corresponding to the re- 
lection losses for.a plate of refractive index equal to 1.59. -The ratio 
of the negative logarithm of internal transmittance to. the thickness 
may be called the daylight absorption coefficient. 

Dominant wavelength is an index of hue that is expected to increase 
somewhat with increasing thickness of mica specimen, and daylight 
absorption coefficient is an index of lightness that is expected to 


| 
; *08 A Committee on Colorimetry, The psychophysics of color, J. Opt. Soc. Am- 34, 265 (1944); see also. 
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vary slightly with thickness of specimen. However, reference jo 
table 1 shows fhat this latter variation is in fact less than the yp. 
certainty of the determination; hence daylight absorption coefficient 
is a satisfactory index of the lightness or darkness of mica color. 
On the other hand, the expected increase in dominant wavelength js 
seen to be significant. For each of the six specimens, a regular 
increase may be noted greater than the uncertaiuty of the determing- 
tion. It is worthwhile, therefore, to search for another hue index 
less dependent upon thickness of specimen. 

On the chromaticity diagram of figure 1 constant dominant waye- 
lengths correspond to straight lines intersecting at the point repre- 
senting a colorless specimen (r=0.3101, y=0. 3163). The progressive 
increase of dominant wavelength with thickness is represented on a 
chromaticity diagram as a curved line similar to the Planckian locus, 
The points corresponding to the chromaticity coordinates (z, y) are 
plotted in figure 2, which is the section of the (x, y)-diagram inclosed 
by the rectangle on figure 1 shown to an enlarged scale. The points 
corresponding to each specimen are connected by a smooth dotted 
line. The generally regular curvature toward red for increasing 
thickness is evident, and it appears from these specimens that the 
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Ficure 2.—Variation of the chromaticity of mica specimens (dashed lines) wi 
thickness shown on an enlarged scale on a.portion of the (x, y) chromaticity diagra™, 
see rectangle on figure 1. 

Closely the same chromaticity variations are produced on the colorimeter by holding constant the thi 

ratio of bluish green wedge to yellow wedge (solid lines), and on this account this ratio is used as the ®U" 
index for mica, 
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direction of this curvature is constant and its amount reasonably 
constant. This direction corresponds to that characteristic of any 
light-absorbing medium whose spectral transmittance increases in a 
general way with wavelength. Each solid curve shown on figure 2 
corresponds to a series of two-component filters, a yellow component 
and a red component, both of known spectral transmittance °; in 
which the ratio of thicknesses of the components is held constant, 
whereas the total thickness varies. The yellow component is that 
comprising the yellow wedge of the chromaticity-difference colorimeter. 
The red component is a hypothetical filter having the same effect in 
combination with the yellow component as that of the bluish-green 
wedge of the colorimeter combined with the specimen. The amount 
of the yellow component is indicated by the symbol AY,., which is 
proportional to the thickness of yellow glass required for setting up a 
chromaticity match involving the mica specimen. The amount of 
the red component is similarly indicated by the symbol —AG, which 
is proportional to the thickness of the bluish-green glass required to be 
combined with the mica specimen to duplicate the chromaticity of the 
yellow component. The minus sign is prefixed to the symbol AG to 
indicate that the bluish-green glass to produce a chromaticity match 
has to. be combined with the mica specimen instead of with the 
yellow component.. An unusually large value of —A@ indicates an 
unusually reddish mica specimen. 

Each solid curve of figure 2 is identified by the ratio of the amounts 
of the twocomponents, —AG/AY, expressed in terms of the arbitrary 
scales on the wedges. This ratio is taken as the hue index; and values 
of this hue index are given for all-specimens in table 1. It will be 
noted that the variations in hue index are wregular and. therefore 
within the experimental uncertainty. ' 

A lightness index and a hue index have therefore been found for 
mica, both indices being independent of thickness of the specimen. 
The lightness index is the ratio of the negative logarithm of internal 
transmittance of the mica specimen to its thickness, [—log (7'/0.90)}/d..° 
The hue index is the ratio of the red component to the yellow compon- 
ent in the filter required to duplicate the chromaticity of the mica 
specimen, —AG/AY. 


V. DERIVATION AND VALIDIFICATION OF A COLOR 
STANDARD FOR RUBY MICA 


As a guide to the use of the hue and lightness indices in setting up 
a color standard for ruby mica, these indices have been determined 
not only for the 5 borderline specimens but also for representative: 
specimens selected from the most doubtful of the 35 lots whose 
classification was reviewed by the industry task committee and for 4 
specimens of ruby mica selected at the same time as the borderline: 
specimens. Table 2 gives the results of these measurements in the 
same form as table 1. Figure 3 shows on the (z, y)-diagram the 
chromaticities of these specimens tegether with those for two thick- 
nesses of the “35 red’’ specimen see table 1. A straight line has been 
drawn between points representing the extreme borderline standards; 
this straight line is drawn: solid between the extremes and is shown 
dashed beyond them as an approximate ‘indication of the border line 


LT 
'D. B. Judd, Specification of uniform color tolerances for textiles, Textile Research 9, 260 (1939). 
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between the chromaticities of ruby and nonruby mica. It will by 
noted that this. straight line divides the mica specimens somewhat iy 
accord with accepted color grading. Nonruby mica specimens ten 
to be represented above this line; ruby; below. There are exceptions, 
however; one measurement of No. 1-quality ruby standard yields , 
point on the wrong side of the line, two representative specimens fron 
the nonruby lot’ No. 35 fall on the ruby side, the thick “35 red’’ speci. 
men falls on the green side. These exceptions, particularly the las 
one, are important, and indicate that the color grading of mica is 
not based upon this line. Furthermore, there is no simple curved 
line (such as the Planckian locus, see figure 1) to serve as a border line 
that will eliminate these discrepancies: This is the evidence that 
showed that. the color grading of mica is based on other factors than 
chromaticity and led-to the search for a lightness index. 
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Ficunre 3.—Correlation between chromaticity of mica specimens and accepted 
classification of the lots from which the specimens were drawn 
The straight line separates the (z, y) chromaticity diagram into an upper left and a lower right section whi 
correlates roughly with the accepted color classification. An important exception is lot No. 35 compos 
partly of ruby and partly of nonruby mica; the “35 red’’ specimen has a chromaticity represent font! 
same side of the line as the ‘35 green’ and other nonruby specimens (circles). This graph proves 
that color grading of mica according to trade practice is based partly but not wholly on chromaticity 


Figure 4 is a plot of lightness index against hue index for the same 
specimens showr in figure 3. On this plot. the lightness index ' 
plotted-with a descending scale, so that specimens of. light-colore: 
mica are represented near the top of the plot. Reddish mica is repre 
sented near the right of the plot; greenish, near the left. As on figure 
3 a straight line has been drawn to connect the points representing th 
extremes of the borderline specimens. This line is shown solid 8 ® 
basis: for interpolation between the extremes, and: is continued by 
dotted lines to indicate the most reasonable basis for extrapolate! 
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Taste 2—Thickness, daylight transmittance, chromaticity coordinates, lightness 
index, and hue index for 5 standards and 28 mica specimens 
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beyond the extremes represented by the borderline samples. It 
should be noted that this straight line departs considerably from the 
vertical; that is, the grading of mica as‘ruby or nonruby according 
to trade practice departs. considerably from grading purely on the 
basis of hue alone. A specimen of light-colored mica can be. con- 
siderably greener than the dark bordertinne specimen and still be 
graded ruby. ; 

It should also be noted that the correlation between location of 
points on this diagram relative to the borderline and color grading by 
the industry task committee and experts of the Colonial Mica Corpora- 
tion is nearly perfect. The “‘37 green’ standard (solid circle) falls 
well below the border line... The ‘1 quality ruby’’ falls well above the 
border line. The “35 red” specimen and the six specimens (40R to 
43R) picked at random from lots graded “‘ruby’’ are all represented 
well above the border line. Seventeen of the 18 specimens chosen as 
representative of the lot. graded by the industry task committee as 
bonruby are represented below the line, as are also the “35 green” and 
“110R” specimens.. The only exception is the first. specimen chosen 
as representative of lot’ No. 35; this specimen falls above the border 
line. It is worth noting that the second specimen chosen as repre- 
sentative of this lot is represented slightly below the line in accord 
with the judgment of the industry. task committee. From this cor- 
relation it may be concluded that figure 4 is successful in reproducing 
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the grading of mica into ruby and-nonruby groups in accord wit) 
trade practice. 

From the points representing the repeat measurements recorded in 
table 2, an estimate-may be made of the uncertainty of the deter. 
minations in hue index and lightness index. This uncertainty is seo, 
to be about 0.02 in the former and 0.01 in the latter; it is ascribab); 
chiefly to experimental error of the colorimetric and photometric 
settings, and to ponuniformity of the specimens. The two dot-dash 
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FicurE 4.—Lighiness indices of 3 borderline, 7 ruby and 19 nonruby mica specime! 
plotted against their hue indices, 


The solid straight line passes close to the points representing the three borderline specimens. Note t! 
six specimens of ruby mica chosen at random (crosses) are represented above the line together with!! 
quality ruby’’ standard. Alsonote that the “37 green’’ standard and al! but one of the specimens chose!® 
representative from nonruby lots of mica (circles) are represented below the line. he dot-~das! 
represent color distinctions from the border line (solid and dotted) just distinguishable with certainty 
one determination according to the method used. These lines are used as the basis for classifying ' 
mica as ruby, nonruby, or border line. 
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lines drawn on figure 4 therefore delineate what may be called a 
borderline area of the diagram. Mica specimens represented by 
points. withia this.area are considered to be border line in: the sense 
that it is not definitely known whether they should be classed as ruby 
ornonruby. Itmay be noted that all of the borderline-specimens are 
represented by points within this area, as is also the first specimen 
selected as representative of lot No. 21 and the second’ specimen 
selected as representative of lot No. 35. - Repeated measurements of 
these specimens would decide whether they are ruby or nonruby.ac- 
cording to the arbitrary solid line shown; and such repeat measure- 
ments were made on specimens drawn from lots No. 12 and No. 21. 
But so great is the variation in color within a given lot that it is 
usually more significant to draw another sample, choose a representa- 
tive specimen, and measure that.. Note that the third specimen from 
loi No. 17 differed in lightness index from the first and second speci- 
mens by nearly 0.04, as did also the first and second specimens chosen 
from lot No. 6. Figure 4 has been used in the classification of mica 
samples into the three classes: ruby, nonruby, border line. 


VI. PROCEDURE USED IN COLOR GRADING: MICA 


1. From the lot to be graded there is.selected, a few pieces at a time 
from 8 to 10 parts of the pile, a sample of approximately 1 pound. 

2. The specimens comprising this sample are spread out, a few at a 
time, on a large white surface and arranged approximately according 
to luminous transmission; that is, all light-colored specimens are placed 
at one end of a series, dark-colored at the other end, and the interme- 
diate specimens are also arranged approximately according to light- 
ness of the color. Unusually reddish or unusually greenish specimens 
are set aside. 

3. By means of a direct-reading micrometer 20 specimens are 
selected with thicknesses between 0.015 and 0.020 inch. The arrange- 
ment in a light-to dark series facilitates this selection, and the casting 
out of unusually reddish and unusually greenish specimens insures that 
the specimens selected are representative of the sample. ‘The required 
range of thicknesses is favorable for the measurements which differen- 
tiate the color of one lot of mica from another. 

4. The 20 specimens so selected are spread out on a large white 
surface, illuminated by light from. the north sky, and arranged’ by 
visual inspection into a two-dimensional array, light-colored speci- 
mens to the top, dark-colored to the bottom, reddish specimens to the 
right, greénish to the left. 

5. This array of colors is studied visually for nonuniformities in 
spacing, which might cause a centrally located specimen to be non- 
representative in color, and a representative specimen is chosen with 
lue regard to all 20 specimens. 

_ 6. The thickness, d,.and the daylight transmittance, 7’, are measured 
‘or the representative specimen as described in section III; the light- 
ess index, [—log (7'/0.90)}/d, is computed as described in section LV. 

7. The chromaticity coordinates (z,y¥) of the representativé speci- 
men for ICI illuminant C are determined: by whatever -means are 
available, the point corresponding to these coordinates is plotted ori 
igure 3, and the hue index, —AG/AY, is read from the family of solid 
curves thereon; or, alternatively, if the chromaticity-difference colori- 
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meter reférred to in section III is used, the hue index, —AG/AY. jg 
found directly without obtaining the chromaticity coordinates. 

8. The point defined by the lightness index plotted against the hyp 
index on figure 4 determines the classification of the mica specimey 
measured. If the point falls between the two dot-dash lines, the spe. 
cimen is classed as border line; if it falls above both, ruby; if below 
both, nonruby. 

Analytically expressed, if H be the hue index and JL, the lightness 
index, the specimen is classed as ruby if 0.927H—L—0.104 is greater 
than 0.019; nonruby if 0.927H—L—0.104 is less than —0.019; and 
border line if 0.927H—L—0.104 is between 0.019 and —0.019. The 
equation of the solid line on figure 4 is 0.927H—L—0.104=0. 

9. The class of the lot of mica. to be color graded is taken to be the 
same as the class of the specimen chosen as representative by steps | 
to 5. 


WasHINGTON, July 6, 1945. 
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ABSTRACT 


Specimens of sole leather were subjected to indentation tests and: compressive 
tests. Comparisons between compression data and the indentation numbers of 
the original dry leather show that compression may be used as a measure of in- 
dentation. Compression of dry leather gives results showing better correlation 
between the methods and eliminates distortions occurring when moist leather is 
compressed. Compression data show satisfactory reproducibility. Compression 
fora three-minute period is adequate for test purposes, all changes being completed 
in this interval with the exception of a very minute compression proceeding at.a 
slow rate. Compensation for variations in thickness of specimens may be effected 
by expressing the results in terms of percentage compression. Area and shape of 
specimens do not affect the compression appreciably. Compression-decompres- 
sion curves show large hysteresis loops. The effect of tannery rolling in compress- 
ing leather is estimated to.be equivalent to that produced by pressures of from 
2,000 to 3,000 lb/in?. Based upon the data obtained in the compressive tests, 
the lower limit of the coefficient of compressibility of leather is estimated to be 
33 10-* bar-!. 
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I. INTRODUCTION 


This investigation was undertaken to obtain information on the 
compressive characteristics of commercial sole leather and to deter. 
mine the correlation existing between the results.of compressive tests 
and the results of the usual types of indentation tests. 

The resistance of sole leather to indentation may be determined 
by forcing a spherical or a plane circular indenter into the surface of 
the sample. The depth of penetration under a given load or the 
increase in depth of penetration produced by an increment of load 
is taken as the measure of the indentation. Such methods are satis- 
factory if the material being tested is homogeneous, but are of dubious 
value for materials that are not uniform. Leather is not homogeneous 
It exhibits numerous surface irregularities, and the results of inden- 
tation measurements may show a wide variation at neighboring points 
on a leather specimen: In order to minimize this variation, a method 
was developed in which a slab of sole leather is subjected to pressure 
between plane metal plates. This method is described in Federal 
Specification for Leather and Leather Products, General Specifications, 
KK-L-311. 

Recent studies. at this Bureau have shown that additional compres- 
sion of sole leather improves the wearing quality [1].!_ Conabere [2! 
concluded that the greater the resistance of sole leather to indentation, 
the better the wear resistance: As additional compression increases 
the resistance of sole leather both to further compression and also to 
indentation, the two methods appear to measure closely related. prop- 
erties of leather that are associated with the ability to resist wear 

In this study the change in thickness resulting from compression 
of sole leather was compared with the indentation results obtained 
with each of three indentation instruments. Factors that might 
influence compression, such as thickness, area, and shape of the speci- 
men, were also investigated. 


II. INSTRUMENTS FOR MEASURING INDENTATION 
AND COMPRESSION 


1. ASTM RUBBER HARDNESS TESTER 


The ASTM rubber hardness tester [3] consists essentially of 1 
indenting rod, %» in. in diameter, which protrudes through a rs 
presser foot. The indenter, which has a hemispherical indenti 
surface with a radius of curvature of % in. actuates a dial micrometet 
that indicates the depth of penetration of the rod. In these tests 1 
load of 5 lb was applied to the indenter. 

The indentation number is the difference in reading of the dial 
micrometer, expressed in thousandths of an inch, betw een the value 
indicated when the instrument is placed on a plane glass surface anc 
the value indicated when it is placed on the specimen. 


2. McBURNEY INDENTATION TESTER 


The McBurney instrument [4] consists of an indenting rod, ! 
in diameter, which protrudes through a flat presser foot. The indenter 


i-Figures in brackets indicate the literature references at the end of this paper. 





Compression of Sole Leather. ~ * 259. 


whick . “0 a hemispherical indenting surface with a radius of curvature 
actuates a dial micrometer that indicates the depth of pene- 
ition “— the rod. The zero setting of-the dial micrometer ‘is obtained 

n the specimen under test with a load of 2 lb on the indenter. 

” The indentation number is the difference in the reading of the dial 
micrometer, expressed in thousandths of an inch, between the value 
dicated when a load of 2 lb is applied to the indenter and the value 
ndicated when a load of 30 lb is applied to the indenter. 


3. SIGLER INDENTATION TESTER 


The Sigler indentation instrument [5] differs from the instruments 
or reviously described in that it uses interchangeable flat-surfaced 
ndenters that may be loaded as desired. In these tests a load of 
80 lb was’ applied to plane-ended rod, -% in. in diameter. As the 
ial micrometer which indicates the position of the indenter is adjusted 
‘oread zero when the indenter is in contact with the base plate, it is 
necessary to measure the thickness of the specimen independently to 
btain a value for indentation. This measurement was made with a 

jial micrometer instrument, which carried a load of % lb on a presser 
foot % in. in diameter. 

The indentation number is the difference, in thousandths of. an 
inch, between the thickness of the specimen and the reading of the 
lial micrometer of the indentation instrument at the conclusion of the 
indentation period. 


4. HYDRAULIC PRESS 


Loads were applied to the plane platens, between which the samples 
rere loaded during the compression tests by means of a hydraulic 
jack operated by a motor-driven pump. The capacity of the press 
was 50 tons. Loads were indicated by a Bourdon tube gage. 


5. HYDRAULIC TESTING MACHINE. 


A 30-ton ¢apacity hydraulic testing machine was used to obtain 
stress-strain measurements. The load was applied by means of a 
hydraulic jack operated by a motor-driven pump and was indicated 
by a pointer that moved around a graduated circular scale. 

The compression was measured by means of two dial micrometers, 
which indicated.the movement of one circular compression platen with 
respect to the other. The two dial micrometers were located at the 
pposite ends of a diameter of the platens. The compression was 
onsidered to be the average of the compressions indicated by the two 
micrometers. 

Stress-strain measurements were made at a rate of loading of 10 ,000 

min. 
6. THICKNESS GAGE 


\ dial micrometer was used for measurements of thickness of speci- 
nens before and after compression. A load of 450 g was applied to a 
dlane presser foot ¥% in. in diameter. 


665730-—45———_2 
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III. PREPARATION OF SPECIMENS AND EXPERIMENT, 
1 if PROCEDURE 


1. INDENTATION OF DRY LEATHER AND COMPRESSION OF MOIS 
LEATHER 


‘Specimens of'sole leather were cut to a size of 2 by 4 in. by meay 
of a steel die, and were conditioned at 72° F and 65-percent relatiy, 
humidity for 72 hr. . The indentation numbers of each specimen wey 
determined on the Sigler indentation tester at eight points, i. e., tw 
rows of four points, each % in. from the longer edge and spaced ap 
proximately % in. apart. The ayerage of these eight measurement 
was considered to be the indentation number of the specimen. 

The thickness of each specimen was measured at eight. marke 
points, and the average of these measurements was taken as the 
thickness of the specimen. Each specimen was weighed and tha 
immersed in water until 10 percent +1 percent by weight of wate 
was absorbed. The moist specimen was conditioned at 72° F ani 
100-percent relative humidity for 48 hr, compressed for 3 min ats 
pressure of 3,000 Ib/in.? and dried at 72° F and 65-percent relatiy: 
humidity. The thickness of the dry specimen was redetermine 
at the marked points and the average taken. The difference be 
tweer.the original and the final thickness was considered to be the 
compression. 


2. INDENTATION AND COMPRESSION OF DRY LEATHER 


The dry specimens for compressive tests were prepared in a sim- 
ilar manner and conditioned at 72° F and 65-percent rdative humidity. 
The indentation numbers of each specimen were determined on the 
ASTM instrument at eight points, spaced as. previously described, 
and on the Sigler indentation tester at eight points adjacent to the 
points used for the measurements on the ASTM gage. The inden 
tation was then determined on the McBurney instrument at fow 
points, spaced % in. apart on the longer center line of the specimen. 
All indentation measurements were made 30 sec after application of 
the load. The averages of the measurements with each instrument 
were. taken as the indentation numbers of the specimen. 

The thickness of each specimen was measured at eight marked 
points, and the average was taken as the thickness of the specima 
Each specimen was compressed for 3 min at.a pressure of 3,000 |b/in’ 
and the load was removed. .The thickness was redetermined imme 
diately at the marked points. The specimens were conditioned for 
24 hr at 72° F and 65-percent relative humidity, and the thicknes 
was redetermined. The thickness of some specimens was measured 
for the third time at the conclusion of 30 days. 


3. STRESS-STRAIN MEASUREMENTS 


‘For stress-strain-measurements, 2- by 4-in. specimens were halved 
with a band saw to give 2- by 2-in. blocks; and the irregularities of the 
edge, caused by the die and the saw, were removed by buffing. This 
treatment gave specimens that were uniform in area and that had 
approximately vertical edges. Qne-inch blocks were cut by a band 
saw and buffed, and disks having approximately vertical edges wet 
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cut by a circular die. These specimens were conditioned for 24 hr at 
*7° F and 50-percent relative humidity. The area of each specimen 
vas measured with a planimeter. The measurements made on these 
‘specimens were varied and will be described subsequently. 


IV. RESULTS AND DISCUSSION 
1. COMPRESSION OF MOIST SPECIMENS 


The results of the compression of the moist specimens are; shown in’ 
figure 1, where the change in thickness resulting from compression is 
plotted as the ordinate and the Sigler indentation number as the 
abscissa. The figure shows that, although there appears to be some 
relationship between the indentation of leather when dry and the 
compression When moist, the relationship. is not well defined. 
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Ficure 1.—Relationship between compression values for moist leather and Sigler 
indentation numbers obtained on the same specimens in a dry condition. 
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Two objectionable features were connected with the compression 
of moist leather. During. the compression, water soluble material 
was squeezed from the leather, and the resulting specimen was probably 
chemically different from: the. original: leather. After compression 
most specimens were warped and could not be measured accurately. 
Apparently, the grain layer undergoes more lateral expansion than 
the flesh layer ot pressure, as the specimen is invariably convex as 
viewed from the grain surface.. Neither of these objéctions is mani- 
fest when dry leather is compressed. , 
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2. COMPRESSION OF DRY SPECIMENS 


Comparisons between the results of compression of dry Jeather and 
the results of indentation are shown in figures 2, 3, and 4, where thp 
compressions are plotted as ordinates and the indentation’ number 
as.abscissas. All three figures contain an equal number of points rep- 
resenting data obtained on the same specimens. The lines wer 
fitted to the points by inspection. No attempt was made to differey. 
tiate between various leathers. Every available type of vegetable. 
tanned sole leather, ‘irrespective of origin, tannage, thickness, o; 
location; was tested; and all the results are shown in the figures 
The points in the lower left portion of each figure, which represen; 
leather much harder than is available commercially, were obtained 
by subjecting some specimens to compression before testing. 
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FiacuReE 2,—Relationship between compression values and ASTM indentation n 
bers obtained on dry specimens, 


Measurements made at periods of 24 hr and 30 days after compre 
sion of dry specimens showed that very little recovery occurs afte! 
the 1-min: interval required to measure the specimens. A maximut 
increase in thickness of 0.003 in. was obtained at the expiration of 4 
hr, and the average increase for some 50 specimens was less tha! 
0.002 in. At the end of 30 days an average total increase in thickness 
of 0.003 in. was found. Consequently, the compression of dry 
leather gives a product that appears to be stable and, for testing 
purposes, is not foo sensitive to the time factor. 

The results show that correlation between the data obtained 
compression of dry leather and the Sigler indentation numbers § 
better than that with the ASTM and McBurney numbers. Considet- 
ing the compression as the dependent variable, the standard errors © 
the points from. the lines are 0.006, 0.005, and 0.002 in., respectively, 
in figures 2, 3,.and 4. A consideration of the mechanisms by whic! 
indentation occurs leads to the conclusion that this is to be expected 
The Sigler instrument and the press compress the specimens betwee! 
plane surfaces, whereas the ASTM and McBurney testers use hell 
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spherical indenters. Furthermore, the loads on- the Olsen and Mce- 
Burney indenters are so small that surface irregularities may have a 
jgnificant influence on the indentation numbers obtained with these 


instruments. 
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EF 3.—Relationship between compression values and McBurney indentation 
numbers obtained on dry specimens. 
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Figure 4.—Relationship between compression values and Sigler indentation num- 
bers obtained on dry specimens. 


Comparison of figures 1 and 4 shows that better agreement exists 
when dry, rather than moist, leather is compressed. As in one case 
both compression and indentation measurements were made on dry 
eather, and in the other case indentation measurements were made on 
cry leather and compression measurements on. moist leather, this is 
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not surprising. The amount of water in the moist leather cannot }, 
accurately controlled and the effect of the water on the structure of the 
leather is probably complex. If the voids in the specimen are filled 
with a relatively incompressible liquid such as water, the moist 
specimen should be less compressible than a corresponding dry speci- 
men, provided the water is held in a chemical or adsorptive combing. 
tion. If, on the other hand, the water acts in the role of a lubricant 
for the fibers and the platens, more compression should be obtained 
with moist specimens. Comparisons between similar specimens 
showed that no definite conclusions were possible, other than that dry 
— moist specimens showed compressions of the same order of magni- 
tude. 

It must not be assumed that compression of dry and moist leathe 
results in the same end product. All specimens compressed in a moist 
condition became warped and rigid after drying, whereas dry speci- 
mens showed no appreciable warping and, although hard, still retained 
considerable flexibility after compression. 


3. REPRODUCIBILITY OF COMPRESSION DATA 


To determine the reproducibility of the results obtained from com- 
pressive tests.a series of tests on similar specimens was performed 
Each set of specimens was cut from a single bend of sole leather. Tly 
results of these tests are given in table 1, where the average compres- 
sion of each set in percent and the coefficient of variation within the 
set are given. The variations shown are small in comparison with 
variations known to occur in other measurements on leather. Tensile- 
strength measurements, for instance, show much larger variations. 
Additional tests made on six sets of leather each containing six taps, 
selected at random from a single tannage, gave averages of 6.1, 6.4, 
6.0, 6.9, 6.7, and 6.0 percent compression. 


TABLE 1.—Reproducibility of compression values 





Number of i 
specimens | Compression i 


tested 




















4. EFFECT OF DURATION OF THE PRESSURE 


The effect of the duration of the pressure was investigated by com- 
pressing several specimens and recording the compression as a function 
of the time. To simulate the previous compressions, the pressure was 
applied as rapidly as possible, and then maintained for the duration 
of the test. The load was applied at the rate of 60,000 Ib/min, and, 


after the desired load was reached, was held constant to withil 
+50 |b. 

Two typical curves are shown in figure 5, in which the percentage 
compression is plotted as a function of time. These curves show thal 
compression has practically ceased at the conclusion of 3 min. This 
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length of time seems suitable for purposes of testing and was used in 
the previous experiments. The experimental irregularities shown are 
ascribed to the fact that the thickness measurements were obtained 
only to the nearest 0.001 in. Although the curves appear. flat after 
the 3-min period, such is not the case.’ At the end of the longest 
period of pressure a very slow compression was observed to be pro- 
ceeding. — : 


5. EFFECT OF THICKNESS OF THE SPECIMEN 


The thickness of the specimen has a decided effect on the compres- 
sion. The effect of thickness was not discussed in connection. with 
figures 2, 3, and 4 because the specimens did not differ appreciably in 
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Ficure 5.——Effect of duration of compression. 


thickness, and the small variations which occurred should affect 
measurements of compression and indentation in essentially the same 
manner and tend to compensate. To compare the results of compres- 
sion of different specimens, however, the thicknesses. must be consid- 
ered. The use of percentage compression, i. e., the change in thickness 
divided by the original thickness of the specimen multiplied by 100, 
gives results that agree when-.the thickness varies in a 2:1. ratio as 
shown by-figures 6 and 7. Figure 6 shows the stress-strain diagrams 
obtained with a single block of leather and a block of double thickness, 
formed by placing two similar blocks together, flesh to grain. The 
twrves in figure 7 were obtained with a normal block of leather and a 
thin block, formed by buffing the flesh surface of a similar block. The 
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compression values indicated by the curves agree within 3 percep; 
compression at 3,000 |b/in*. 

6. EFFECT OF AREA AND SHAPE OF THE SPECIMEN 


The area and shape of the specimen used for compressive tests hay. 
little effect on the compression value, as is shown in figure 8. This 
figure shows pressure-compression diagrams for two sizes of squan 
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Ficure 6.—E ffect of thickness of specimen on compression; slab of normal thickn 
and slab of double thickness. 


slabs and disks of the same leather. The results for the slabs and the; 
larger disk are in excellent agreement, whereas the results for th 
smaller disk show a deviation of the order of 5 percent compressil 
This deviation may be due to variation of the leather, or may be e& 
perimental in nature.. The area and shape of the specimen may 
chosen’ to give a convenient load, although in order to reduce the 
effect of variation, it is desirable to test a large specimen. 

It is: to be noted that the structure of leather breaks down 4 # 
pressure of approximately 35,000 lb/in?. This failure is indicated by 
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the broken lines shown in figure 8. At this pressure the specimens 
read laterally under the vertical pressure in: spite of the concentri¢ 
in the platens designed to resist lateral motion. 
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7. STRESS-STRAIN CURVES FOR LEATHER 


Stress-strain diagrams for rolled and unrolled sole leather are shown 
‘nfigure 9. The compression and decompression portions of the curves 
are denoted by arrows. 
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ficure 7.—Effect of thickness. of specimen on compression; normal slab and thin 
slab. J, 


The compression of leather consists in two main processes. . First, 
a packing of the fibers resulting. in the elimination of the interstitial 
voids; and second, the compression of the leather substance. As it is 
improbable that the voids can be completely eliminated, both processes 
probably occur simultaneously at all except the lowest pressures. 
When the pressure on the compressed specimen is reduced, the result- 
iit decompression curve does not follow the compression curve, as 
thown by the large hysteresis loops in figure 9. 

Reduction of pressure should result predominately in an expansion 
of the compressed leather substance until the pressure reaches a value 
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at which the fibers are able to separate. A linear relationship betwee) 
pressure and percentage compression does not hold after this point js 
reached. This point occurs at a pressure of approximately 3.59 
th/in.? in the curves shown in figure 9. The slopes of the linear por. 
tions of the decompression curves were found to be nearly the same fo; 
a wide variety of specimens. This indicates that the principal process 
occurring in this region of pressure is an expansion of the leather syb. 
stance. 
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Ficure 8.—Fffect of area and shape of specimen on compressian. 


The coefficient of compressibility is defined as 8 in the equatio! 


1 AV 
b=—V AP’ 


where V is the volume of the leather substance, AV is the change 
this volume, and AP is the change in pressure. ‘The pressure cefined 
by eq 1 is a force per unit area acting in all directions and may 
realized experimentally only by fluid pressure. 

The ratio of the length of the shortest side to the thickness of th 
specimen in these tests was at least 8:1. Measurements of the areas 
of specimens after compression indicated that any increase in area Was 
less than the experimental accuracy of the area measurement anc 
probably an effect of the second order. Errors’ resulting from the 
application of eq 1 to leather under vertical pressure will most pro) 
ably result in too low a value for AV. . 

The true volume of the leather fibers, exclusive of void-space, is 10 
known. Measurements by J. R. Kanagy and E. L. Wallace [6) have 
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shown that the dimensional volume is in error by at least 20 percent 
after compressing leather at a pressure of 3,000 Ib/in.? . 

Use of the observed volume change and the dimensional volume in 
eq 1 will, therefore, lead to an estimate of the lower limit of the co- 
efficient of campressibility of leather.. The average value for this 
limit was found to be 33107 bar. 
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FiGcuRE 9.—Compression-decompression curves for leather. 
8. ESTIMATION OF TANNERY ROLLING PRESSURES 


The choice of the pressure of 3,000-lb/in.? for purposes of testing was 
arbitrary, This pressure was considered to be available on ordinary 
presses with a specimen at least 4 in.? in area. Although higher pres- 
sures produce larger compressions, a- pressure of 3,000 lb/in.? is ade- 
quate to produce measurable compressions of. all commercial leather 
tested, and even of leather that had been compressed before testing, 
as shown in figures,2, 3, and 4. ' 

The pressure exerted on the leather during the rolling operation at 
the tannery cannot be evaluated readily, yet it is of considerable 
interest. In.order to estimate this pressure, a specimen of. unrolled 
leather taken from the bend location of the hide was compressed con- 
secutively to pressures of 1,000, 2,000, 3,000, and 4,000 lb/in.’, and the 
Siress-strain diagrams were drawn. These curves are shown in 
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figure 10, in which each curve has been displaced to reduce confysjo) 


of the points. 


Comparison of the percentage compression at a given press, 
shows that the magnitude of the compression is a measure of the con. 
pressive history of the leather. At 1,000 lb/in.*, for instance, ¢); 
percentage compressions stand in the ratios of. 16:11:9:6 in the foy 
curves. At a pressure of 3,000 Ib/in.? a value of 18.5 percent cop. 
pression is obtained for leather previously compressed at a pressyy, 
of 2,000 lb/in.? The corresponding value for leather previously con. 
pressed at 3,000 lb/in.? is 12.5 percent compression. A comparisoy o! 


these values with the corresponding compressions observed on ; 


stress-strain measurements obtained in this study leads to the cop. 


clusion that tannery rolling produces an effect equivalent to that p 
duced by pressures of from. 2,000 to 3,000 Ib/in?. 
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Ficgure 10.—Fffect of successive compressions on stress-strain curve 


V. CONCLUSION 


Comparisons between compressions resulting when sole leather » 
subjected to a pressure of 3,000 lb/in.’ and the indentation numbers «! 


the original leather indicate that compression and indentation meas! 
related properties of leather. To obtain best. correlation betwee 


these methods, leather should be compressed in the dry state 
compression period of 3 min is adequate. The thickness, area, 
shape of specimens have small effect on results of compression 1! 
sults are expressed as percentage compression, although it is advisa 
to use specimens at least 4 in.? in area to reduce ‘the effect of possi 
variations within the specimen. The effect of tannery rolling 

compressing leather is estimated to be equivalent to that produc 





ire 
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by pressures of from 2,000 to 3,000 lb/in.?.. Based upon the data ob- 
tained in the compressive tests, the lower limit of the coefficient of 
ompressibility of leather is estimated to be 33107! bar. 
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KNOCK RATINGS OF .GASOLINE SUBSTITUTES 


By Afton D. Puckett 


ABSTRACT 


_Ki ck ratings of gaseous paraffins and olefins through C,, and of carbon 

xide, were determined by current motor and aviation test metlrods. Auxil- 

ary ; apparatus and modifications of test engines necessary to rate gases are 

lest ribe “dl. . 

= tiknock qualities of ethyl and normal] butyl] alcohol and acetone, both alone 

and in blends, were determined by current motor-fuel rating procedures. Blend- 

ing ‘ aracteristics of these materials with straight run: gasolines and naphthas 
were inve stigated. 

Diethyl ether in ethyl alcohol blends showed a high positive sensitivity (Co- 
rdinating Fuel Research Committee (CFR) research minus American Society 
for Testing Materials (ASTM) motor octane number) for’ether concentrations 
below 48 percent and a high negative sensitivity above that figure. - The tests 
indieated that blends containing up to 45 percent of ether should give relatively 
knock-free performance under conditions of steady operation. 


CONTENTS 
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II. Methods of test 
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1. Nonhydrocarbons. - - - - - 
2. Hydrocarbons 
IY. Nonhydroearbon blends 
1. Ethyl alcohol-diethyl ether blends... _....:-.-.-.-------- 
2. Blends containing n-butyl alcohol, acetone, andethyl alcohol_ 
V. Hy es fuels containing nonhydroearbon components 
ETE ARS AE keene ene 
2 Naphtha blends with nonhydrocarbons.- . 
Ti, Cis no clean wansictade nm xs.nteaanownak ss 


I. INTRODUCTION 


As part of a program of investigation of the properties of various 
substitutes for gasoline as a fuel for internal-combustion engines, 
knock ratings were determined on a number of compounds. and 
blends. The primary purpose of the major investigation was to 
ascertain whether, and to what extent, substitutes ‘that could be 
produced in certain areas where petroleum products -were. scarce or 
entirely lacking could be used successfully. With this end in view, 
the antiknock ‘qualities of a number of materials, both gaseous and 
liquid, were determined ‘by the current CFR Research (CRC Desig- 
nation F-1) the ASTM Motor D 357 (CRC Designation F-2), and 
the ASTM Aviation D 614 (CRC Designation F-3) methods. In- 
cluded to give as complete information as | possible were a number of 
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hydrocarbon gases ordinarily obtained from petroleum that ob. 
viously do not fall into the category of easily available gasolin, 
substitutes. 

Reliable knock ratings by current methods are presented thg; 
either were not hitherto reported in the literature, or, in some cases, 
were of questionable precision because of outmoded methods of test 
or other irregularities. 


II. METHODS OF TEST 


The unit currently approved for the knock rating of both moto 
and aviation gasolines has been designed and built to the apeciln 
tions of the Cooperative Fuel Research Committee. It is a sing! 
cylinder engine, belt connected to a synchronous motor generator 

which maintains constant speed. Compression ratio is continuously 
variable between 4 and 10 and may be changed while the engine 
operating. 

The CER Research (CRC F-1), ASTM Motor (ASTM D 337 
CRC F-2), and the ASTM Aviation (ASTM D 614, CRC F~ 
methods differ in instrumentation and engine operating conditions 
The F-1 and F-2 methods make use of a bouncing pin and knock-: 
meter to detect and indicate knock intensity, whereas the F-3 method 
utilizes a standard thermocouple, or “thermal plug”, and potent 
ometer to differentiate between, knocking tendencies of the fucks 
E “ ine operating conditions for the three methods are shown it 
table 1. 

All determinations of antiknock quality of the liquid fuels tested 
were made in strict accordance with the standard test methods and 
on standard knock-test units. Before each run the engines wen 


of knock ratin 


TABLE 1.—sngene operating conditions fir standard _methods 


| 
ASTM motor 


CFR research 


ASTM aviat 





Test method 





ASTM designation... D 614, 


F-3. 


| D 367... 
F-2 


CRC designation... 
Intake air temperature, ° F 
Mixture temperature, °F - 
Coolant temperature, oF 
Oil temperature, ° F 


| F-1_.. 
1252 
| = 209 to 215 


Intake air humidity, grains per b 25 to 50_. 


und of dry air. 
ixture ratio 
Knock intensity ¢ 


Engine spéed, rpm .- 
Compression ratio. 


Spark advance, °btc.. 


| Maximum knock ___. 
| Standard, . specified 
by guide table. 


--| 600 +6.... a 
| Variable with octane 


| mumber, 
13, fixed 


75 to 125.....-.- 
300 +2. _- 
® 209 to 215 


|b 25 to 50.__- 


Maximum knock___- 
Standard, specified | 
by guide table. 


900 +9 
Variable with octane 
number. 


Variable with com- 


125 +5. 
220 +2. 
374 +9. 
150 +10. 
b 25 to 50. 


Maximum knock. 
Adjusted so that 
benzene is equa 
thermal plug te 
perature to 87 octal 
number referet 
fuel. . 
1200 +12. 
Variable 
number. 
35, fixed. 


with octal 





pression ratio. 


* Constant to within 1° F. 

> Usually controlled .at 27 grains per pound of dry air by ihentiaas the intake air through an ice-pacse 
humidity control tower of standard design. 

¢ Standard knock intensity for the F-1 and F-2 mettiods ts defined as that obtained with a bi 
octane and normal] heptane under the standard conditions of the methods and at a compression oo 
responding to the blend used and to the prevailing barometric pressure in accordance with ~ e st — 
knock intensity guide tables for the respective methad; for the PF -3 méthod the knock intensit re 
Operating at a compression ratio to give a thermal- plug temperature in accordance with a‘ 
perature line’’ determined at the beginning of each day's testing. 


mated tez 


| For detailed descriptions of the test appartaus and procedures see CRC Procedures F-1-1044, F-2-!0# 
and F-3-1044, C wy Research Council, 30 Rockefeller Plaza, New York 20,-N. Y.;or AST M Methos 
D 357 and D 614, ASTM Book of Standards, 1944, Part III, Non Metallic Materials, American-Society 
Testing Materials, 260 S. Broad St., Philadelphia, Pa. 
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carefully checked and adjusted to give proper ratings on standard- 
zation fuels of known octane-number. However, as the standard 
engines are not normally equipped to operate on gaseous fuels, it was 
necessary to modify the carburetors in order to obtain ratings on the 
vases tested. A connection was installed on the standard air-intake 
elbow of the carburetor, so that gas could be introduced into the air 
stream ahead of the venturi. To rate the gas samples, the carburetor 
fuel selector valve was turned to an “‘off’’ position, and the gas was 
admitted through this connection. By using this system, satisfactory 
engine operation was obtained, there was a minimum of deviation 
from either standard equipment or conditions, and.the usual bracket- 
ing procedure was followed. 


A atts 





























aa RT ees 





























Figure 1.—Constant pressure gasometer. 


A, Gasholder; B, water tank; C, ball-bearing-mourfted beam; D, beam support; E, counterbalance bucket; 
F, siphon line; G, high-pressure gas cylinder;. 1, gas cylinder to gasometer connection; J, inclined single- 
leg manometer; J, gas line to engine; K, gas-throttling valve; L, lead weights; M, CFR carburetor air 
intake. 


The F-1, F—2, and F-3 methods require that fuels be tested at the 
fuel-air ratio for maximum knock. Prerequisite to this condition is a 
rate of fuel flow which may be varied to give mixtures appreciably richer 
and appreciably leaner than that for maximum knock, and once set 
will remain constant long enough for the engine to reach equilibrium. 
These requirements were fulfilled by the use of the gasometer illus- 
trated schematically in figure 1.. The gas from cylinder @ was led 
through line H into gas holder A, which was weighted .with lead 
strips Z, and-thence through line J to the intake elbow. M. J con- 
sisted of a section of %-in. outside diameter copper tubing into A 
and a section of %-in. inside diameter rubber tubing from: the copper 
tube to the engine inlet connection. It was originally intended that. 
K should be a standard ¥-in. globe valve, but such a valve was found 
to offer excessive resistance to flow. ‘Consequently a screw-clamp- 

665730—45——3 
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type hose cock was tried. and found -to give excellent regulation. 

he gas holder was suspended on a knife edge from beam C, which 
was pivoted at its center on a ball bearing mounted on column J) 
A small bucket, £, also upenens from: the beam opposite the gas 
holder, acted as a counterbalance. Line F' was installed as a siphon 
from the water tank B and extended down into the counterbalance 
bucket thus maintaining equal liquid levels in the two. The cross. 
sectional area of H. was such that any change in the submerged 
volume of the walls of A, and consequently of the buoyant force ° 
acting on the gas holder, was compensated by the change in the 
amount of water in /, and constant pressure was maintained in the 
gas holder regardless of its position. The inclined single-leg manon.- 
eter was connected into the gas holder and indicated a pressure of 
1.2 in. of water, constant to within 0.05 in. This low gas pressure 
was used ‘as it was found to give a fuel flow sufficient for the richest 
mixture necessary for any of the gases tested except carbon monoxide, 
was not oversensitive to adjustment, and gave. reproducible results 

It was impracticable to use the gasometer described for the runs 
on carbon monoxide, as the flow rates necessary were higher than 
could .be obtained without extensive modification of the apparatus 
In this case the high-pressure gas cylinder was connected directly 
the special inlet on the carburetor intake, and the flow was controlled 
by means of a %-in. needle valve. This method is not recommended 
as being precise, but in this case the rating of the material tested was 
so far above the range of the test methods that further precautions 
in the interest of precision of regulation were not warranted. 


III. KNOCK RATINGS OF GASEOUS FUELS 
1. NONHYDROCARBONS 


The only nonhydrocarbon gas tested was carbon monoxide, which 
was of interest as one of the principal constituents of producer gas 
The material used for the tests was a commercially available product 
stated by the supplier to be of better than 90-mole-percent purit) 


TABLE 2.~—Knock ratings of gaseous fuels 


.. 








Test method (CRC designs 
tion) 





F-2 





Nonhydrocarbon: 
Carbon monoxide (90+mole%) 
Mydpocnapen: 


Methane (99+mole%).........-_..... 
Ethane (99+mole%) 
Propane (99+mole 79) 
n-Butane (99-+mole% 
Isobutane (90-+mole%) 


Ethylene (USP anesthesia grade)._............... obonetabetutande 
Propylene (99+mole%) 

Butene-1 (99+mole 

Butene-2 (99+ mole 

Isobutylene (95-+mole%) pendink whined 














* TEL in isooctane, ml/gal. Es 
» Ethylene could not be rated under the standard F-3 conditions. Ratings made at thermal-plug *™ 
peratures considerably above that prescribed by the method gave values of 70 and 74 octane humber. 
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From the extremel iy high knock ratings listed in table 2, it is evident 
that as far as antiknock quality is concerned, the gas could be used 
with superchargé and in high-compression engines. 


2. HYDROCARBONS 


The normally gaseous paraffins and olefins rated were commerce ially 
available samples stated to be of the purity indicated in table 2: 
In any case where there was reason to question the precision of a 
rating, duplicate tests were run and an average value listed in the 
table. 

IV. NONHY DROCARBON BLENDS 


Liquid substitute fuels considered were ethyl alcohol, both 190- 
and 200-proof; acetone; normal butyl alcohol; and diethyl ether (all 
of technical grade). Ether, although known to be of very low octane 
number, was included in the list because of the possibility of its use to 
improve volatility characteristics of the other fuels. 


1. ETHYL ALCOHOL-DIETHYL ETHER BLENDS 


Both ASTM motor and CFR. research octane numbers were deter- 
mined on a series of ethyl alcohol-diethyl ether blends in order to 
ascertain how much ether could be added without reducing knock 
rating to objectionably low values. Knock ratings:obtained for the 
blends are listed in table 3 and are plotted against composition in 
figure 2. Behavior of the blends is somewhat unusual in that. decrease 
in octane number with increasing ether content becomes very: rapid 
in the neighborhood of 45 percent by volume of ether and that for 
low concentrations of ether the sensitivity (difference between CFR 
research and ASTM motor octane’ numbers) is positive and high, 
whereas at concentrations of ether above 48 percent exactly the oppo- 
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ficune 2.—CFR research and ASTM motor: method octane numbers q! blends of 
200-proof ethyl alcohol with diethyl ether. 
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site is true. These tests indicate that blends of alcohol and etho; 
containing as high as 45 percent of ether should give freedom from 
knock under conditions of steady operation. Road tests, however. 
have shown that blends containing 25 percent or more of ether wil 


knock violently for one or two cycles if the throttle is opened quickly 
for rapid acceleration. 


TABLE 3.—CFR research and ASTM motor octane numbers of alcohol-ether blends 


—_———-—— = —— 
| Composition of blend, per- | Octane number 


| 


| 


cent, by volume 


—E 


200-proof 
alcohol 


100 
ah 
70 
60 
55 
i) 
45 
42.‘ 
40 
32 


190-proof 


j 
| 
| 
| 
| 
| 
| 


Diethyl 
ether 


8 


Diethy! 


. 
22%" 


zo 


o8seS- or 
Cnwe 





Sse 
| 


alcohol ether 


100 0 
70 | 30 
SO 50 
40 60 
35 | “65 


33. 4 











* TEL in isooctane, ml/gal. 


2. BLENDS CONTAINING n-BUTYL ALCOHOL, ACETONE, AND 
ETHYL ALCOHOL 


Antiknock qualities of blends of normal butyl alcohol and aceton 
and of a blend of acetone, normal butyl alcohol, and ethy! alcohol 
were determined as indicated in table 4. 


TABLE 4.—Nonhydrocarbon blends containing normal-butyl alcohol 


- — — ——— — — 





Composition of blend, per- 
cent by volume Octane number 


n-Butyl aoe 
alcohol Acetone 


100 
71.5 
50 

0 


Ethyl 
alcohol 


= . 
67 | 6 27 


n-Butyl bre | 
alcohol Acetone | 


i. 








» TEL in isooctane, ml/gal. 
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V. HYDROCARBON FUELS CONTAINING 
NONHYDROCARBON COMPONENTS 


1. GASOLINE BLENDS 


To determine the practicability of extending supplies where some 
petroleum was available, fuels made up of varying amounts ‘of ethyl 
alcohol, acetone, and/or normal butyl alcohol in gasoline or blending 
naphthas were investigated. Preliminary work along this line con- 
sisted of determining knock ratings by motor method of samples of 
40, 50, and 60 octane number standard secondary reference fuels 
containing up to 40 percent by. volume of alcohol. One object of 
these particular tests was to obtain an estimate of how much alcohol 
would have to be added to straight-run gasolines of 40, 50, or 60 
octane number to bring their knock rating up to that of regular grade 
70 ASTM motor octane number) fuel. As-can be seen from the 
curves in figure 3, blends of these fuels containing 30, 20,.and 12 per- 
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Figure 3.—ASTM motor method octane numbers of blends of 200-proof ethyl 
alcohol with 40, 50, and 60 octane number standard reference fuels. 


cent of alcohol, respectively, met this requirement. Over. the range 
of concentration investigated the use of alcohol in these fuels resulted 
in an average increase in knock rating of 1.0 octane number in the 40 
and 50 octane number fuels and an average increase of 0.8 octane 
number in the 60 octane number fuel for each 1-percent increment of 
alcohol. Knock ratings of each of the blends tested are shown in 


- 


table o. 


Taste 5.—Knock ratings of 200-proof ethyl alcohol-standard reference fuel blends 


Alcohol in 
blend, percent | ASTM motor octane number 
by volume | 





0 | 
10 r 
20 
30 


| 
5 | 
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Tests were made by the motor method on a straight-run gasolin, 
typical of that furnished by a Texas Gulf Coast Refinery for nop. 
military use under lend-lease commitments, to determine the saying 
of tetraethyl lead that: might result from the use of alcohol to rais 
the knock rating to that of a regular or a premium grade fuel. Re sults 
indicated that this material could be leaded to 70 and to 75 motor 
octane number with 0.25 and 1.1 milliliters of tetraethyl lead p 
gallon, respectively, and that the same ends could be aaoteaplicked 
through the use of blends containing 5.0 and 16.3 percent of alcohol 
in the finished products. On the basis of..these data, it appeared 
feasible to ship this gasoline to countries requiring fuels of these oc tan 
numbers and possessing the alcohol with which to make the blends 
Thus could be effected a saving in lead, and at the same time a redue- 
tion, by the amount of the alcohol used, in the tanker capacity needed 
Properties of the gasoline and knock ratings of the alcohol blends are 
shown in table 6 and figure 4, respectively. 
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Fiaure 4.—ASTM motor method octane numbers of blends of 200-proof + 
alcohol with a typical lend-lease gasoline. 
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Samples represented by curve A were clear, those by B, C, and D contained 1, 2, and 3 m] TEL/gal, resp 
tively. Curves C and D were estimated from the octane numbers of the leaded =a and the slog 
of A and B. 


TABLE 6.—Lend-lease gasoline, inspection data 


Distillation: 
Initial rr eg re 
10% disti illed wd A 


90% distilled, ° F........................... 
End point, ° F__. 
Loss. % 


Residue, % /o een 
Reid vapor pressure, , Ib: /in.? 
ASTM gum 
Sulfur, % 
ASTM motor octane number: 
eee — 
1.0 ml. TEL/gal.. 
Leaded {20 ml. TEL/gal---. 
3.0 ml. TEL/gal 


Tests similar to the preliminary runs on alcohol-reference {ue 
blends were made on acetoné-reference fuel’ blends, as indicated ! 
table 7 and figure 5. 
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CFR RESEARCH ——> 


«— ASTM MOTOR 


OCTANE NUMBER 


o 
oO 
°o 


10 20 30 40 50 60 70 8=6—80 
ACETONE, PERCENT 


CFR research and ASTM motor method octane numbers of blends of 
acetone with a 60-motor octane number standard reference fuel. 


TaBLE 7.—Knock ratings of acetone—reference fuel blends 


Camposition of blend, percent | 
by volume Octane number 





Standard refer- 
Acetone ence fuel (52%? 
C-12/A-6) 




















| 
| 
<- 


* TEL in tsooctane, ml./gal. 


The effect of the addition of alcohol and acetone to an Australian 
shale-oil motor fuel was studied, as indicated in table 8. 


TABLE 8.—Properties of Australian shale oil motor fuel 


iravity, deg API 
Reid vapor pressure, Ib/in * 
Distillation 

Initial boiling point, ° F. 

> distilled, ° F = 7 : . . eeddy . 

50 %, distilled, ° F_... aes dea . _ 255 

1% distilled, ° F. : : soees 342 

End point, ° FL . 378 
fur, % P pe x x 2 . enti 0. 20 
Corrosion seal S : : . Negative 
ASTM gum, mg/100 ml Lascentn Mase? . pene aqpees 2 
Bromine number, mg/100 g __- = , 7 seslbvassesésces 78.6 
Knock rating: 


Octane pumber 





TEL content, ml/gal.___: 
Shale-oil motor fuel 

0, alcohol blend . 

25% acetone blend...........-.-.------ 
0% acetone blend _-. 
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2. NAPHTHA BLENDS WITH NONHYDROCARBONS 


In addition to the blends of gasoline with nonhydrocarbons, sever} 
series of blends of a straight-run naphtha with nonhydrocarbons wer 
tested by the motor and the research methods. These tests were 
made primarily to determine whether fuels of suitable antiknock char. 
acteristics could be made by the addition of reasonable amounts o! 
the nonhydrocarbon constitutents to a naphtha base, and how fg; 
the supply of the petroleum product could be extended by so doing 
The base for these blends, identified as Saxet blending naphtha, was 
a straight-run product of the characteristics listed in table 9. Knock 
ratings of the alcohol and acetone blends containing this materia! 
are listed in table 10 and shown graphically in figures 6, 7, 8, and 9 
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Figure. 6.—CFR research and ASTM motor method octane numbers of blends 0 
200-proof ethyl alcohol with Saxet naphtha. 
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Ficure 7.—CFR research and ASTM motor method octane numbers of blends 
acetone with Saxet naphtha. 
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Fiat 8.—CFR research and ASTM motor method octane numbers of blends of a 
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Ficure 9.—CFR research and ASTM motor method octane numbers of blends of a miz- 
‘e of two volumes of n-butyl alcohol and one volume of acetone with Saxet naphtha. 


TABLE 9.—Sazet naphtha, inspection data 


iravity, deg API 
Reid vapor pressure, Ib/in.? 
istillation: 
Initial boiling point, °F 
5, distilled, of 
10% distilled, ° 
0 distilled, ° 
listilled, 
distilled, 
listilled, 
60% distilled, 
distilled, . 
distilled, 
0% distilled, 
57% distilled, ° 
nd point, °F 
covery, percent 


sidue, percent 
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TaBLe 10.—Knock ratings of blends of nonhydrocarbons in saxet naphtha 








Composition of blend, percent by volume Octane number 





Ethyl n-Butyl 


alcohol alcohol Acetone Naphtha F-1 F-2 





100 
90 
80 
70 
60 





SINS INI SAaa eorune 
ESSSSSVARGSSSNRB 


San 
at he 


PIHSSRESSPNIESSASSSESASE 
= 


SPBOoK eNO neoeaacuraaus~i 


sis 


a~ 























| 
} 


VI. CONCLUSIONS 


The conclusions drawn from the tests reported herein are as follows 

1. The knock ratings of carbon monoxide and. of the normally 
gaseous paraffins indicate that they can be used successfully as fue! 
in either supercharged engines or in normally aspirated engines o/ 
considerably higher compression ratio than those currently available 
in automotive equipment. 

2. The antiknock properties of the normally gaseous olefins are 
such that they can be used satisfactorily in present automotive engines. 

3. Ethyl alcohol-diethyl ether blends containing less than 45 

ercent by volume of ether should give relatively knock-free per- 
ormance under conditions of steady operation. 

4. Acetone, ethyl alcohol, and normal butyl alcohol, either sepa- 
rately or in blends, are satisfactory fuels as far as antiknock value is 
concerned. 

5. Acetone or ethyl or butyl alcohol can be used to extend supplies 
of gasoline or can be blended with suitable petroleum naphthas t 
a motor fuels of satisfactory knock rating. 


6. When up to 30. percent by volume of ethyl alcohol is blended 
with gasoline of 40 to 60 ASTM motor octane number, the improve- 
ment in knock rating 1s of the order of one octane unit for each percent 
of alcohol. 

7. Acetone, though higher in octane number when tested neat, '8 
less effective in blends than is ethyl alcohol. 


WasuinerTon, August 3, 1945. 
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HYSTERESIS IN THE PHYSICAL ADSORPTION OF. 
NITROGEN ON BONE CHAR AND OTHER ADSORBENTS* 


By Leland F. Gleysteen and. Victor R. Deitz s 


ABSTRACT 


{n investigation has been made of some characteristics of hysteresis in the 
physical adsorption of nitrogen on bone char, activated carbon, silica gel, and 
coconut-shell charcoal at 77.4° K. It was. found that hysteresis became less 
pronounced in the order given, occurring only slightly in cocoriut-shell charcoal 
and only from high relative pressures in the pressure range in which the Lang- 
muir equation was not obeyed. It was shown that it was highly probable that a 
true steady state was attained in the pressure determinations and that the time 
tependeney of adsorption and desorption are compatible with the requirements of 
lifusion processes. In this paper the theories of hysteresis are reviewed on the 
basis of capillary condensation, and an alternative interpretation is suggested in 
terms of the theory of multimolecular adsorption. 
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2. Hysteresis determinations 
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Summary 
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I. INTRODUCTION 


In many cases of physical adsorption of vapors, it has been observed 
that an adsorption isotherm determined for a system does not, in 
general, coincide with the desorption isotherm determined on the 
same system at the same temperature. This phenomenon is known 
as hysteresis in adsorption. 

The possibility of hysteresis in the adsorption .and desorption of 
nitrogen at 77.4° K, its normal boi temperature, on bone char and 
other carbon adsorbents arose naturally in the course of a determina- 
tion of the surface area per 7 of these materials. -In a previous 
publication [1]* an analysis of a large number of adsorption isotherms 
——— ee . 

‘ This investigation has resulted from a joint research project undertaken by the United States and Cana- 

‘isn Cane Sugar Refiners, United States e Char Manufacturers, and the National Bureau of Standards. 
4 portion of the material given in this paper was presented before the Division of Sugar Chemistry and 
“echo! ey of the American Chemical Society at the Detroit meeting, April 1943. 

Research Associates at the National Bureau of Standards, representing the United States and Canadian 


sve Sugar Refiners and the United States Bone Char Manufacturers. 
Figures in brackets indivate the literature references at the end of this. paper. 
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by means of the multimolecular theory of physical adsorption () 
made possible the calculation of the surface areas available for th: 
adsorption of nitrogen. As soon as it was established that hysteresis 
takes place in adsorption on bone char, it was thought to be desira)j, 
to pursue these experiments further and to determine what sye) 
investigations could contribute to our knowledge of the structure of 
carbon adsorbents. 

Hysteresis has been studied by many observers in a wide variety oj 
adsorbing systems. In many of these systems adsorbents wep 
capable of swelling, and: the adsorbed molecules were often compley, 
The investigation described in this paper has the advantage of dealing 
with the simple nitrogen molecule adsorbed on materials that are nop. 
swelling, fairly rigid, and stable toward heating to relatively hig) 
temperatures (about 400° C) in vacuum. This evacuating and hea. 
ing procedure is a necessary prerequisite for the elimination of non. 
reproducible hysteresis phenomena. -In some cases it may eye 
completely eliminate the phenomenon itself. 

This paper presents the hysteresis phenomena observed -in the ad. 
sorption and desorption of nitrogen, at 77° K, on a new bone char, 
spent bone char, an activated carbon, two silica gels, and a ¢or .,ilt- 
shell charcoal. Studies of the approach to the. equilibrium in bot) 
adsorption and desorption are presented as evidence that these exin- 
ples of hysteresis are not consequences of failure to reach equili)- 
rium. The explanations of hysteresis and of its possible dependence 
on the structure of the adsorbent are discussed-on the basis of th: 
theory of capillary condensation. An interpretation of hysteresis «1 
the basis of the theory of multimolecular adsorption is suggested. 


II. EXPERIMENTAL PROCEDURE 


The apparatus used in these experiments was described -in detail 
in @ previous publication [1]. The method of determining the “deai 
space” in the.sorption bulb and the procedure for obtaining the 
adsorption isotherms was also described. The -procedure for obtain- 
ing the desorption points is essentially a reversal of that for obtainig 
the adsorption points. . The nitrogen is removed from. the sorption 
bulb by lowering the pressure in one of two ways: either the mercury 
level in the gas burette is lowered; or, with the stopcock connecting 
the gas burette tothe sorption bulb closed, nitrogen is pumped ou! 
from the gas burette. The new pressure is read and the stopcock 1 
the sorption bulb is again opened. The quantity of nitrogen 
removed by —- is readily calculated from ‘the initial and fina 
pressures and the volume of the apparatus. . 

The adsorption bulbs were thermostated by immersion in a bath 0! 
boiling liquid nitrogen. At the time of reading the final pressure ‘0 
each sorption point, the temperature of the bath vas determined by 
means of a 10-junction copper-constantan thermopile. The liqui 
nitrogen was freshly prepared from a commercial tank of wate 
pumped nitrogen before each experiment. The weighed samples “ 
adsorbent were séaled into the adsorption bulbs, which were the! 
evacuated and heated at 400° C for about 18 hours. After the 
adsorbent had cooled, the dead space was measured .with purifice 
helium with the bath of liquid nitrogen in position arourid the tub 
The helium was then removed by pumping, the adsorbent being ® 
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room temperature. - The adsorption and desorption isotherms were 
then determined. 

The adsorbents used in these experiments are the same as pre- 
viously described [3}. Char 2 is a new-bone char containing 6.12 
percent of carbon and {0.39 percent of- hydrogen. Char 6 is an 
activated carbon containing 71.90 percent of carbon and 0.47 percent 
of hydrogen. Char 1 is a coconut-shell charcoal containing 93.88 
percent of carbon and 0.63 percent of hydrogen. All materials had 
been ground and the portions passing through a No. 35 United States 
Standard Sieve and held on a No. 80 United |States Standard Sieve 
were used, ; 

In order to establish the presence of true equilibria, it is desirable 
to approach a given state from either side of the equilibrium. In the 
case of hysteresis this is not possible and it is, therefore, necessary to 
be sure that a reproducible steady state has been realized for each 
point. If, for example, in. the physical adsorption of nitrogen on 
bone char, insufficient time had been allowed in both the adsorption 
and desorption measurements, the true: isotherm would lie some- 
where between the isotherms determined by such procedures and the 
indicated hysteresis would be an apparent rather than a true phenom- 
enon. Several kinds of evidence indicate that.the observed hyster- 
esis is real and not apparent. This evidence includes data on-the 
rates of adsorption and desorption at various pressures and on the 
reproducible characteristics of the hysteresis loops. 

In observing the progress of adsorption and desorption with the 
apparatus used in. these experiments, it was not possible to make 
accurate observations at the beginning stages of any point. The 
initial adsorption was always very rapid, and about 95 percent of 
the final quantity of gas was adsorbed in the first 2 minutes. With 
some practice it was found possible to note positions of the mercury 
levels of the manometer jn about 1 minute. The particular volume 
of the gas burette was held fixed. In’ reading the manometer the 
high-pressure side was read at the time assigned’ to the reading and 
the vaeuum side of the manometer, which shifts much more slowly, 
was read as soon thereafter as possible. The mercury level on the 
high-pressure side was kept nearly constant, and all data were .cor- 
rected for the variation in -volume caused by variations in this level. 
These variations were small compared to the total dead-space volume. 
The influence of changes in room temperature and in the temperature 
of the liquid-nitrogen bath was followed over the duration of the 
experiment. ; 


III. EXPERIMENTAL RESULTS AND DISCUSSION 
1. RATES OF ADSORPTION AND DESORPTION 


It is generally recognized that-physical adsorption takes place at a 
relatively rapid rate. There are two well-known factors that could 
decrease the rate of such a process. The first is a slow dissipation of 
the heat of adsorption that increases the time in which a given in- 
crement of adsorption takes place, as the extent of physical adsorp- 
tion at a given pressure decreases markedly with increase of tempera- 
ture. In the experiments reported in this paper, this factor is mini- 
mized because of the fact that all measurements were made-in a 
pressure range where 90 percent or more of surface is covered with 
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adsorbed gas... Under conditions in which most of the adsorption js 
forming polymolecular layers, the heat of.adsorption of nitrogen js 
but a few kilocalories per mole above the heat. of liquefaction o 
nitrogen. The facilities for conducting these small heat evolution 
to the surrounding bath are sufficient to prevent the heat develope 
from exceeding that which is conducted away. 

The second factor retarding the rate of adsorption or that of dp. 
sorption is the slow diffusion! of as molecules linto the smaller’ inter. 
stices of the porous structure of the adsorbent. - This possible effect of 
various pore-size distributions on the-rate of physical adsorption of 
nitrogen was investigated by observing the rates on the three carbon 
adsorbents used in these experiments. . It was known that the surface 
area per gram that was available to nitrogen molecules was greatest 
on coconut-shell charcoal-l and that the adsorption isotherm for 
nitrogen on that material closely obeyed the Langmuir equation for 
monomolecular adsorption. New bone char-2, on the other hand, 
exhibited the least available surface, and the adsorption pursued w 
S-shaped isotherm typical of multimolecular adsorption. In con- 
parison, the particular sample of activated carbon—6 was intermediate 
in these properties. Qualitatively, therefore, it might be expected 
that the ranges covered in the pore-size distributions of these ud- 
sorbents should. increase in the following order: Coconut-shell char. 
coal, activated carbon, and bone char. The time required for thes 
adsorbents to reach a steady state in adsorption, or desorption, should 
decrease in the same order. 

The data presented in figure 1 relate to the dependency on time of 
the adsorption and offjthe desorption for these three samples. Thi 
curves present the change in the total amounts of gas adsorbed per 
gram of adsorbent with increase of time. The sharp bend of thy 
curve is characteristic of a rapid approach to'a steady state. A steady 
state is attained sooner, of course, for more rapid rates of adsorption 
or desorption than for less rapid rates. Consider first the progress 
of the adsorption on new bone char-2 at a relative pressure’ of 0.74, 
for which data are presented in one of the upper curves of figure |. 
It.appears that a ‘‘steady state’’ is attained in-about 20 minutes, and 
that during the next hour and a half there is no measurable drift 
toward increased adsorption. In other instances a very slight drift 
toward increased adsorption was observed, never amounting to more 
than -0.02 milliliter of nitrogen ((STP)® per hour. Occasionally 3 
slight drift in the opposite direction .was observed. These drifts 
probably are consequences of changes in atmospheric pressure 0! 
other experimental conditions, as evidence now to be presented wil 
indicate. It will be observed in the case of desorption from the bone 
char that a virtually steady state is attained in about 10 minutes. | 
anotber experiment in which the relative pressure was 0.77, desorptiol 
was observed over a longer time. In this instance, however, no sats 
factory conclusions could be drawn as a rising barometer, and th 
possible dissolubility of.oxygen in the liquid nitrogen bath, led to 
increase in the temperature of the bath corresponding to -an increa* 
in the saturation pressure, ~, amounting to several millimeters © 
mercury: In such cases both the increase in temperature and the 
consequent lowering of the relative pressure lead to further deserptio. 

§ By relative pressure is meant the rat io of p to po, where p=experimental pressure, po=saturation pres” 


at the temperature of the isotherm. : 
* Standard temperature and pressure, namely 0° C and 760 mm of Hg. 
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In this particular experiment the amount of adsorbed gas decreased 
continually, but always to a smaller extent than onl have been 
required to compensate for the effect of the increase in po: 

In addition to fluctuations resulting from variations in the temper- 
ature of the bath, the rate experiments are limited in sensitivity by 
the limits of precision of the gas-measuring apparatus. The repro- 
ducibility of. determinations of volume—for example, that of the 
empty adsorption bulb—is no better than 0.02 milliliter. This sets 
a lower limit to the drift that could be observed. ‘i 

Turning to the adsorption on activated carbon-6, figure 1 shows: 
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Figure 1, -Adsorption and desorption of nitrogen on some carbon adsorbents at 
77.4° K as a function of time. 
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that very little change occurs after the first. 10 minutes. - Desorptio) 
seems to be a little slower, requiring 25 minutes to reach fairly steady 
values. The sample of coconut-shell charcoal-1 shows a promp; 
attainment of.an apparently steady state, as is evident from th 
lower -part of figure 1. Both adsorption and desorption becom 
quite steady within 10 minutes. In considering all of these dats, 
it may be said that if there is, in general, a continued drift of th 
adsorption or desorption with time, then that drift is too slow to }; 
determined precisely with the present apparatus. 

The surprising feature about these time-dependent curves is the) 
similarity. The pore sizes to be attributed to bone chars are muci 
larger than those characteristic of coconut-shell charcoal. To illus. 
trate, coconut-shell charcoal exhibits monomolecular adsorption and 
in terms of the theory of multimolecular adsorption, it is character. 
ized by n=1. Bone char, however, is characterized by n values o! 
4 or 5 [1]. Therefore, the hindrance to gas-phase diffusion in th 
particles of coconut-shell charcoal: might well be expected to | 
much greater than with bone char. In support of this point one may 
consider the nature of gas flow in single capillaries. Barrer [4] has 
assembled the equations for the various types of flow through var‘ouw 
openings. All of these are characterized by some power term in the 
radius, r, ranging from a term in r* for simple molecular effusion 
through a circular opening.in a thin plane wall to a term in r* for sony 
types of turbulent flow. Consequently, the small pore sizes in coco- 
nut-shell charcoal might be expected to reduce materially the ob- 
served rates compared with those for the bone char. . 

An explanation of the approximate equality in the time required 
to reach equilibrium on these three adsorbents may be found in tl 


dual nature of the diffusion process. Molecules may either diffus 
to the adsorbing surface via the gas phase, or they may arrive then 
by. the process of surface migration. Damkébler [5] considers both 
processes in operation at the same time. He shows that, althoug) 
the volume diffusion coefficient is ane J greater than the surface 


diffusion coefficient in capillaries of plausible radii, the surface mign- 
tion may be the predominant term if the concentration of molecule 
on the surface of a unit length of capillary is much greater than th 
concentration of molecules in.the gas phase in the same unit length 
This condition exists for the three adsorbents under the conditiou 
prevailing in these experiments. The bone char, activated carbor, 
and charcoal have large adsorbing surfaces for nitrogen, as may }: 
seen in table 1. Moreover, these measurements were made with ! 
percent or more of the surface covered with the adsorbed gas. Hence: 
according to this point of view, surface migration probably pre 
dominated in transporting the adsorbed gas molecules from t 
immediate exterior of the adsorbent into the more extensive inter! 
surface. . 

The observed rates of adsorption and desorption are compatibi 
with the theories of the kinetics of physical adsorption as develope 
by Damkoéhler [5] and by Barrer and Rideal [6]. These theore 
associate the rate of adsorption with the rate of diffusion of the g 
into the capillary structure of the adsorbent. No matter whethet 
surface migration or gas diffusion predominates in the transport 0 
material to the adsorbing surface, the observed rates may be expectet 
to vary according to-some exponential law. As already mentioned, 
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the two possible. processes are distinguished by the numerical values 
of the diffusion constants and in their interpretation. Barrer and 
Rideal predict that initially 


|V?— V?|—&t, and finally, when |V,— V,|>|V,— V4, 


\V.— Vij 
leg, (V.—V) =kt, 


where V, represents the volume adsorbed at time t, V, the volume 
initially adsorbed, V, the volume adsorbed at equilibrium, ¢ is the time, 
and the k’s are constants. The sorption is so rapid that in no experi- 
ments were data obtained that fit the first relationship. In order to 
plot the present data on carbon adsorbents according to the logarith- 
mic expression, values for V, were chosen by extrapolation of the rate 
curves. When these values and the data are substituted in the loga- 
rithmic expression and the appropriate plot is made, the points are 
scattered about straight lines. Thus, these data are compatible with 
Barrer and Rideal’s theory and with Damkdéhler’s theory. also, as his 
equation is formally equivalent to the second equation of Barrer and 
Rideal. 

The role of surface migration in the mechanism of gas adsorption 
and desorption has a particular significance in regard to an pom 
tion of hysteresis in physical adsorption. . This will be discussed: 
after the presentation of the hysteresis data for the adsorbents under 
investigation. 

2. HYSTERESIS DETERMINATIONS 


It may be noted from the data on the rates of adsorption and de- 
sorption that the measurements are substantially constant for both 
adsorption and desorption points after about 20 minutes. This is in 
agreement with the observations of Beebe and Dowden [7], who 
found that the adsorption of nitrogen, as well as five other gases, on 
chromic oxide at — 183° C was usually complete in 20 minutes.. They 
further state: “The amount of gas adorbed in the interval between 
2 and 20 minutes after admission was never ‘more than 2 percent of 
the total increment adsorbed, and in‘most cases much less than that.’”’ 
In the experiments. reported in this part of the present paper each 
point was observed for at least 20 minutes. It is estimated that the 
inal measurements for each point accounted for about 99.5 percent 
of the increment that would have been absorbed if the previously 
defined steady state were attained. ; 

The hysteresis loops that were observed in these experiments are 
presented in figures 2, 3, 4,5, and 7. Relative pressures are plotted 
us abscissas, and the. quantities of nitrogen adsorbed, expressed in 
milliliters at STP, are plotted as ordinates. 

The isotherms for bone chars are given in figures 2 and 3. In 
igure 2 the adsorption isotherm was observed in experiment 61 up 
(0 a relative pressure of 0.99 by points 1 to 18. Points 19 to 30 repre- 
sent the desorption isotherm observed immediately after point 18. 
The hysteresis loop closes at a relative pressure between 0.3 and 0.4, 
this serving as a’check on the numerous experimental manipulations. 
throughout most of the hysteresis loop, the points on the desorption 
sotherm lie roughly 10 percent above the corresponding adsorption 
665730—45——-4 
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values. It is to be noted that both the adsorption and desorption 
isotherms are of the type termed S-shaped and, between relatiye 
Sener 9 0.05 and 0.3, the data conform quite accurately to the 
inear plot of the multimolecular theory, as we have previously show; 
[2]. Between 0.95 and 0.99 in relative pressure there is some evidence 
that adsorption and desorption isotherms again coincide. In this 
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FiGurE 2.—Hysteresis in the physical adsorption of nitrogen on bone char-? 0 
77.4° K. 


Ordinates represent volume adsorbed, per gram of adsorbent, expressed as milliliters at standard temperatur 
and pressure. Abscissas, relative pressure, i. e., equilibrium pressures divided by the saturation pre> 
sure. ' 


range there appears to be a leveling off of the isotherm such as occu! 
definitely in some other systems at a somewhat lower relative pressure 

Figure 3 presents additional data from four different experiments 
on bone chars, three on samples of the new bone char-2 employed 
procuring the data given in figure 2, and a fourth on a sample 0 
spent bone char-27. The ordinate in figure 3 is the ratio V/V», a0 
despite the wide difference in V,, for these two bone chars (see table |) 
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the two adsorption isotherms superimpose on each other in this type 
of plot. Similar cases were reported in more detail in a previous 
publication {1}. In experiment 45a, points 1 to 9 represent the observa- 
tions on adsorption, and points 10 to 13 those on desorption. This 
evele was again repeated in experiment 45b, in which points 14 to 18 
represent measurements on adsorption and points 19 to 24 on desorp- 
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Ficure 3.—Hysteresis in the physical adsorption of ya on new bone char-2 


yy 19 


and spent bone char-27, both at 77.4 


eS 0/0 represent the ratio of volumé adsorbed at equilibrium to volume required to form a mono- 
r= Was computed from the Brunauer, Emmett, and Teller equation. Abscissas represent relative 
SSUreS, P/ Pe. 





tion. The coincidence of the two adsorption and of the two desorption 
isotherms demonstrates the reproducibility of this particular hysteresis 
phenomenon. In experiment 50, which is taken to a higher relative 
pressure, the adsorption points 25 to 31 also fall on the isotherm of 
experiments 45a and 45b.° However, the desorption isotherm defined 





294 Journal of Research of the National Bureau of Standards 


by points 31 to 39, lies above the previous desorption isotherm, gg jx 
usual in hysteresis phenomena. Although, as previously mentioned 
the adsorption isotherm in experiment 55 for the spent bone.char-27 
points 40 to 46 in squares, coincides with the isotherm of char-2, th 
desorption isotherm covered by points 46 to 54 is different in that jj 
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Ficurs 4.—flysteresis in the physical adsorplion of nitrogen on activated carb 
at 77.4° K. 


Ordinates represent volumes, expressed as milliliters at standard temperature and pressure, adsorbe | 
gram of adsorbent. Abscissas represent relative pressures, p/ po. 


lies above that obtained for the new bone char-2, from which desor) 
tion began from an even higher'relative pressure. 

The isotherms in figure 4 obtained for the activated carbon-6 4 
alsa of the S-shaped type, but are much flatter than those for char 
The spread between the adsorption and desorption’ isotherms = 
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smaller on @ percentage basis than for the bone chars. Nevertheless, 
hysteresis is definitely present. and, moreover, reproducible. In 
experiment 63a, points 1 to 14 determine the adsorption isotherm and 
points 14 to 24 the desorption isotherm: In the subsequent experi- 
ment 63b with the same sample of activated carbon-6 the points 29 to 
4] fall on the first adsorption isotherm; and as desorption was started 
from the same relative. pressure as in experiment 63a, the points 41 
to 51 fall on the desorption isotherm of that experiment. 
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Fictre 5.—Hysteresis in the physical adsorption of nitrogen on coconut-shell char- 
coal-1 at 77.4° K. 


Ordinates represent volumes, expressed as milliliters, at STP, adsorbed-per gram of adsorbent. Abscissas 
represent relative pressures, p/po. ' 


The data for coconut-shell charcoal-1 are contained in figure 5. 
Four experiments are presented, each approaching the saturation 
. Pressure of liquid nitrogen to different degrees. In the lowest curve, 
experiment 57a, the adsorption was determined up to a relative pres- 
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sure of 0.7. Desorption from this point followed the adsorption 
isotherm, and all data.quite accurately obeyed the Langmuir equa- 
tion for monomolecular adsorption. In the next-lowest curve of 
figure 5, experiment 57b, the adsorption was observed up to a relatiye 
pressure of 0.9. Desorption from this pressure gave a smal] by; 
definite indication of the presence of hysteresis, two points being 
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Fiaure 6.—A test of the Langmuir equation applied to data ad adsorption of nitrogen 

on coconut-shell charcoal-1 at 77.4° K. 
The einates (10‘p)/pee of the equation pe (a are displaced apward by 3, 6, and 9 units 


pectively, for experiments 57b, 64, and 60. represent relative pressures, p/- 
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obtained above the adsorption isotherm. The spread in these data is 
creater than the relative experimental error in the measurements for 
a given experiment, However, when compared with either the bone 
char or the activated carbon—6, it is apparent that there is practically 
no hysteresis on coconut-shell charcoal if desorption begins at a rela- 
tive pressure of 0.9. . 

Several attempts were made to extend the adsorption on the coco- 
nut-shell charcoal to pressures in the neighborhood of saturation. 
The results obtained in experiments 60 and 64 are shown in the upper 
curves of figure 5. It may be observed that in the range above a 
relative pressure of 0.8 the points deviate from the linear curve 
required by the Langmuir equation. This is shown in figure 6, 
where it may be seen that the deviations are in the direction of in- 
creased adsorption, possibly because of multimolecular adsorption 
at the higher pressures. his excess over unimolecular adsorption 
is not the result of any known experimental error. In particular, 
no reasonable error in applying corrections to’ the ideal gas laws 
account for this increase in adsorption, when such corrections are 
applied to the nitrogen remaining in the dead space of the apparatus. 
Above a relative pressure of about 0.97 there is a sharp increase in 
adsorption which apparently causes the adsorptive isotherm (fig. 5) 
to approach the ordinate of saturation pressure tangentially. Upon 
desorption from these high relative pressures there is. evidence of a 
hysteresis in which the loop closes at a relative pressure - between 
about 0.3 and 0.4. Equilibration at high relative pressures is some- 
what slower than at lower pressures, but as shown in the curve for-the 
rate of desorption from coconut-shell charcoal in figure 1, a steady. 
state is apparently obtained. From these data it would appear that 
hysteresis in the physical adsorption of nitrogen on coconut-shell 
charcoal is only realized upon desorption from pressures near satura- 
tion. The significance of this fact will be apparent when the various 
theories of hysteresis. are reviewed. 

Emmett and DeWitt [8] have observed that a leveling off in adsorp- . 
tion takes place beginning at a relative pressure of about 0.80 in the 
adsorption of nitrogen on porous glass samples at 79° K. In the 
present research it was also observed to oé¢cur at a relative pressure of 
).7 in the adsorption of nitrogen on two samples of silica gel, although 
at lower relative pressures the contour of these isotherms differ from - 
the shape of the porous glass and ‘nitrogen isotherms. Data are 
presented in figure 7 for two different samples of commercial silica 
gels from the same manufacturer. As shown in table 1, the surface 
area of gel A was found to be 620 square meters per gram and that of 
gel B 765 square meters per gram. Although the surface of gel B 
is about 25 percent larger than gel A, it is interesting to note that in 
the plot of the ratio of V/V,, agairst relative pressure, the isotherms 
for the two gels coincide.- (Here V is the volume of adsorbed gas, 
and V,, is the volume of adsorbed gas necessary to-cover the surface 
with a unimolecular layer.) The extent of hysteresis observed for 
these two samples of silica gel is small, but it is definitely greater than 
the experimental error. 

lhe evidence for the reality of the hysteresis loops observed in these 
‘xperiments may be summarized as follows: First, the adsorption 
vranch, starting each time from a freshly outgassed adsorbent, is very 
‘atisfactorily reproducible for duplicate runs on a given sample, as for 
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example experiments 45a and 45b on a single sample of new boy 
char-2. In the second experiment the adsorption points | to 1 
(fig. 3) were spaced more widely than in the first experiment, so thy; 
the total elapsed time to reach a relative pressure of 0.8, for examp) 


was only about half as long for the second experiment as for the firs, 
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Fiaure 7.— Hysteresis in the physical adsorption of nitrogen ow silica gel at 77.4 
Ordinates o/r., represent the ratio of volume adsorbed at equilibrium to volume required to form a mot 
Pm Was computed from the Brunauer, Emmett, and Teller equation. Abscissas represent relative pre 
sures, p/Po. 
Nevertheless the two isotherms coincide very well. Second, the de 
sorption isotherms were found to depend upon the maximum adsorp 
tions from which they were begun. In experiment 50 on new bow 
char-2, shown in figure 3, the points 25 to 39 were carried to a high 
relative pressure and a greater total adsorption than in experimen} 
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45, and 45b. It may be seen that the desorption branch obtained by 
experiment 50 is distinctly above those of the other two isotherms. : 
This behavior is characteristic of hysteresis in systems which, -being 
more conveniently held at. constant temperature, have been carefully 
investigated by many other workers. . Third, the hysteresis loops 
dose at the low-pressure end of the isotherms. If both adsorption 
and desorption -always failed to reach their “steady states,” there’ 
should invariably be a gap at this end.of the loop. Concerning the 
possibility that equilibration may be-complete in the region of coinci-' 
dence of the adsorption and desorption isotherms but incomplete in 
the region of hysteresis, it may be said that the kinetics of adsorption 
and desorption appear to be altogether similar in the two regions. 
These three characteristics of the hysteresis loops constitute impres- 
sive evidence that-the examples of hysteresis reported in this paper 
are real. 


Taste 1.—Constants derived for the physical adsorption of nitrogen on some com- 
mercial adsorbents , 


Results of the surface calculations, where v, is the volume of nitrogen required to form a monomolecular 
ayer on 1 gram of the adsorbent; the surface is in square meters per gram of adsorbent; Ei— Ex is the 
lifference between the average heat of adsorption in the first adsorbed layer and the heat of liquefaction 
{ nitrogen.) 


Adsorbent Experiment Sutface E\—Et 


cal/ mole 
New bone char-2__. onuiiicd 26. ‘ 115 1,000 
: - "26. 2,000 ° 
Spent bone char-27__. 
Activated carbon-6 
Do ‘ 
Coconut-shell charcoal-1 - - - 
Do 
Do 
Do 
Silica gel A 

















The presence of hysteresis in the adsorption and desorption of 
uitrogen on charcoals and silica gels is significant because these 
phenomena do not seem to be obscured by such complications as 
extensive swelling of the adsorbent, pronounced asymmetry of the 
adsorbed molecules, and inadequate purification of the adsorbent. The 
swelling of charcoals during adsorption is so slight [9] that it is un- 
likely to cause extensive hysteresis.of the kind described by Barkas 
10]. The nitrogen molecule contains no dipole moment and no other 
stance of conspicuous asymmetry. The excellent reproducibility of 
adsorption isotherms on a given sample of char shows that the hystere- 
ss effect cannot be caused by the gradual.displacement of a film of 
adsorbed impurities according to the postulates of Zigmondy.. 

The surface areas of the sthorbents employed in this investigation, 
calculated by the method of Brunauer, Emmett, and Teller [2], are 
summarized in table 1. Hexagonal close-packing in liquid nitrogen 
Was assumed to occur on the adsorbing surface, and ati effective area 
of 4.37 square angstrom units [1] was covered by each milliliter of 
adsorbed nitrogen at 77° K. , : 
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IV. THEORIES OF HYSTERESIS IN PHYSICAL ADSORPTI0y 
1. CAPILLARY CONDENSATION 


A comprehensive review of the various theories of hysteresis j 
physical adsorption has been given recently by Brunauer [12), ay 
recent discussions on the subject have been presented by Rao {i 
Emmett and DeWitt [8], and Cohan [14]. An examination of the 
theories reveals that those that are applicable to well outgass 
adsorbents involve the concept of capillary condensation. Thx 
concept has not been very successful in interpreting quantitatiyey 
the general phenomena of adsorption. However, it seems to off 
a partial explanation of hysteresis. , 

It is recognized on thermodynamic grounds that when a liquid ; 
constrained to present a curved surface, its vapor pressure diffes 
from the vapor pressure of a plane surface of the same liquid. |; 
particular, if the curvature be concave, the vapor pressure is reduced 
and condensation can occur at pressures less than the normal satur- 
tion pressure of the liquid. In the case of a spherical meniscus this 
behavior is quaatitatively given :by the classical Kelvin equation, 
which relates the radius of curvature, r, to the ratio of the vapor pre 
— of the confined liquid, p, to that of the liquid in bulk, ~, s 
ollows: 


—2 
In p/po= ay (1 


Here y is the surface tension; v is the molar volume of the liquid 
R is the gas constant, and 7 is the absolute temperature. 

In applying this relationship to adsorption phenomena, thie solid 
adsorbent is conceived as possessing numerous pores of varidw 
shapes-and sizes. For mathematical simplicity it is usually assumed 
that the actual system of pores is equivalent to a hypothetical systen 
of pores having regular geometric ‘Teeth such as cylinders. Such: 
cylindrical canlliery will be either completely filled or entirely empty 
at any particular pressure, as is required by the Kelvin equation. 
order to account for the smooth, continuous adsorption isotherms 
which are found experimentally, it is, therefore, necessary to postulat 
a continuous distribution of capillaries of gradually increasing radi 
Unfortunately, these capillary radii are not subject to independet! 
determination, but are deduced from the adsorption isotherm whit 
they are intended to explain. 

It should be possible, nevertheless, to test the self-consistency « 
the pore-radius distribution for a given adsorbent by evaluating tle 
distribution from an isotherm for a particular vapor, and then 
comparing this distribution with others obtained from isotherms 
other vapors. Also, the total volumes, as liquids, adsorbed at satur 
tion pressure may be compared for several vapors. In regard to tlt 
experimental test of these two conditions, it may be said that they a 
qualitatively fulfilled. As to the first possibility, Brunauer [12] b® 
examined the available experimental results and has shown the lack 
‘quantitative agreement. Assuming the validity of the unmodilté 
Kelvin equation and using normal values for the surface tension #¢ 
the molecular volumes of the adsorbed vapors, Brunauer demonstrat 
that the pore-radius distribution curve for a given adsorbent 1s 
independent of the vapor employed. Apparently the adsorbent ci 
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‘not be considered -as entirely inert, presenting merely an array of 


‘capillaries of various sizes to the adsorbed gas. With regard to the 
‘second experimental test; there are a number of cases in which the 
‘volume of adsorbed ‘liquid, determined at saturation pressure, has 
' been observed to be constant for various vapors with the same ad- 
‘sorbent. However, there are also a large number of cases in which 


the adsorption isotherm approaches saturation at a very steep slope. 
Consequently, it is difficult to estimate the quantity of vapor adsorbed 
at saturation pressure. MET 

The most useful application of the concept of capillary condensation 
has been in explaining hysteresis. Theories attempting to explain 
hysteresis loops of the type presented in figures 2, 3, 4, 5, and 7 have 
beea three in number. The oldest is known as the Zsigmondy theory 
of partial wetting [12]. . This is based on the observation that the 
angles of contact, 6, between a solid and ‘the liquids that wet it de- 
pends upon whether the liquid is advancing over or receding from the 
solid surface. The difference between the “advancing” and the 
“receding” angles of contact is often called. the hysteresis of the con- 
tact angle. When applied to the capillary condensation theory of 
adsorption, it is assumed that partial wetting occurs in adsorption. 
This imperfect wetting is attributed to impurities, mostly permanent 
gases, adsorbed on the walls. The equilibrium pressures are given 
by the equation 


(2) 


At saturation pressure a complete wetting of all surfaces takes place. 
Subsequently the desorption equilibrium takes place from a conipletely 
wetted surface, in which @=0 degrees and, therefore, corresponds to 
equation 1. As a consequence, the values of p/p» calculated for a 
given radius would be greater in adsorption than in desorption. The 
serious objection, however, to this explanation of hysteresis is the 
reproducibility of data in repeated cycles of adsorption and desorption 
that is obtained with highly evacuated samples. Whereas in some 
cases it is possible to eliminate hysteresis by drastic evacuation tech- 
nic, in other cases it is not possible to do so. This rules out the 
Zsigmondy theory of partial wetting as a general explanation of 
reproducible hysteresis. 

The Kraemer and McBain “bottleneck” theory of capillary con- 
densation assumes the presence of constricted regions in capillaries 
with one end open. According to this theory, hysteresis results from 
the following. conditions: The narrow neck fills at low relative pres- 
sures, but condensation in the body of the capillary takes place only 
at a higher relative pressure determined by the larger radius; in 
desorption the pores empty only when the pressure is reduced so that 
the liquid in the constricted region becomes unstable. This condition 
of instability is determined by the smaller radius of the neck. Upon 
being released, the liquid condensed in the larger part of the pores is 
Immediately desorbed. - In this way the amount of gas desorbed for a 
given decrease in pressure is less than ‘the corresponding amount 
adsorbed until a lower pressure is reached corresponding to the radius 
f the constriction. .Unfortunately, this ‘ingenious -explanation of 
hysteresis is not amenable to quantitative treatment as there is -no 
Way of obtaining information concerning the valumes of the various 
pores and the radii of their wide and narrow parts. 
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The third explanation of hysteresis, also in terms of e¢apilley 
condensation, assumes the presence in the adsorbent of: cylindric,) 
capillaries without constrictions and. with both ends open: [f , 
capillary-is open at both ends, L. Cohan [14] has shown that a menisey: 
cannot form during the adsorption process. . Condensation is assume; 
to occur, however, at a suitable relative pressure on a unimolecy|y 
layer already adsorbed to the inner cylindrical surface. - This ¢o». 
densation forms an annular ring, or shell, of liquid on the wall. Thy 
entire capillary will then fill, as any inner annular ring has a lower vapm 
pressure than the outermost one. It was shown by Cohan [14] the: 
the relative pressure is given by equation 3; where 7, is the radius ¢/ 


. 


the annular ring 


Inlp/pl =F Rr 


Desorption, on the other hand, occurs from the meniscus ‘forme 
when the capillary is full, and takes place according to. equation | 
with r=rj, assuming’ complete wetting of the surface. There are ty 
aspects of this.theory which are subject to a quantitative test. The 
theory predicts that the radius at which hysteresis begins, r,, should 
be not less than 2D, where D is the diameter of the adsorbed molecu 
Assuming: hexagonal close packing in three dimensions for liguil 
nitrogen at 77.8°K, D=4.33 angstroms. This value corresponds | 
an average area of 16.22 square angstroms per nitrogen molecu 
For this value of D, r, cannot be less than 8.66 angstroms, whic 
corresponds to a relative pressure of about 0.33, when y=8.8 and 
v=34.7. The data obtained for carbon adsorbents and silica gels in 
this investigation are in agreement with this conclusion. If tle 
capillary condensation is assumed to occur after a unimolecular laye 
is formed, then D must be measured from the surface of this laye 
and not from the wall. The second prediction is that for a give 
volume of gas adsorbed in the region of hysteresis, the relative pressure 
on the desorption curve should equal the square of the relative pressur 
on the adsorption curve. This may be seen by combining equation 
land2. The data obtained in this investigation are not in ; ome 
with this prediction in any pressure region of the hysteresis loops. 
This open-pore theory has the advantage of being subject to certal 
quantitative tests, but all of these explanations involving capillary 
condensation suffer the following defects: . 
(a) The capillary radii are not subject to independent determi 
tion, but are deduced from the sorption isotherm which they # 
supposed to explain. 
(b) There is no adequate means of determining: what fraction“ 
the capillary radii are constricted and thus contribute to hyster 
in an indefinite manner; what fraction are open aad nontapering 
thus contribute to hysteresis in a supposedly definite manner; # 
what fraction are tapered, or V-shaped, and do not contribute! 
hysteresis at all. 
(c) The many and varied assumptions that have been propose¢' 
modify. the capillary condensation theory (specifically the propo 
changes in the surface tension, the density of the condensed liqu 
the angle of contact between liquid and wall, and the size, shapes, 
distribution of pore radii), do not constitute a completely log@ 
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| approach to the general phenomena of adsorption in terms of funda- 
mental molecular theory. 


(d) The necessity of accounting for at least the first layer of ad- 


| sorbed gas remains as an independent problem. One does not know 
| whether the capillary condensation is to be considered as being super- 


imposed upon Langmuir adsorption or upon some more complex type 
of adsorption, which results from the interaction between the un- 


balanced forces on the surface atoms and the atoms of the adsorbate. 


2. MULTIMOLECULAR ADSORPTION 


Hysteresis phenomena.in adsorption may apparently be divided 
into two main .classes.from an experimental point of view. The 
high-pressure end of the hysteresis loop may close either at a relative 
pressure definitely below saturation (e. g., z=0.8 for the silica gels), 


‘or the desorption isotherm may differ from the adsorption isotherms 
up to pressures very close to saturation without any indication of 


leveling off. The leveling off of adsorption isotherms is generally 
interpreted as indicating the stage where the pore structure has been 


' completely filled with adsorbate. Hence where this does not occur, 


it is difficult to estimate an average pore radius for the adsorbent. 


) Present-day concepts endeavor to classify the various types of hys-. 
i teresis loops shown by adsorbents in relation to variations in such an. 


average pore radius. For example, Coelingh [13] suggests the follow- 
ing classifications: (1) The very narrow pores of chabasite and some 
charcoals are too small to exhibit capillary condensation; thus the 
adsorption ‘and desorption isotherm coincide and no hysteresis is 
evident, (2) charcoals having wide pores and silica gels having narrow 
pores, both with pore radii.in the. neighborhood of 10 angstroms, 


i show hysteresis for small molecules like H,O and Ng, but no hysteresis 


for larger molecules, (3) still larger pores show hysteresis for all 
vapors, and (4) ‘hysteresis in very large pores may extend so close to 
the saturation pressures that the hysteresis loop cannot be accu- 
rately determined. ‘This classification may be overly simplified. 

It is now suggested that the concept of hysteresis can be incor- 
porated into the multimolecular theory of adsorption as presented 
by Brunauer, Deming, Deming, and Teller [15]. These authors 
have developed a general theory in which the five types of adsorption 
isotherms may be deducted. from a me equation. They attribute 

certain adsorption isotherms 
to the increased value for the heat of adsorption of the last layer of 


mmolecules, which fill a capillary-like structure. This last adsorbed 


layer is attracted from either side and, correspondingly, its heat of 
adsorption (Z,+@Q) can be expected to be greater than that of any 
layer except the very first adsorbed layer.. The equation derived by 


these authors is , 
z 
' =o 725 |+4, | (4) 


2e~1)2+2(c—1) 228+ (ne h—Ine— nrc) + (e+ nrcP-+ Ine— 8 [(24+N) —BW(1+ n)]z-+1+ (Mh42h)zee2 
2{1+2(¢—1)z+(e—1)922-+ (c2-++h—2e— nc) F*+ (ne?-+2e— Bed — DA) T*+1-++ hz**3} ; 


where A equals 





In equation 4 and in the expression for A, v is the volume of gas 
kdsorbed; v, is the volume of gas which is required to cover the 
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surface with a monomolecular layer; z is the relative pressure; j j, 
the maximum number of layers that can fit into the capillary; ¢ js , 
constant ‘related to the increase of the heat of. adsorption over {hy 
heat of liquefaction (Z,), namely L,—EH,;=2.303 RT log c, in whic) 
E, is the heat of adsorption in the first layer, R is the gas constan; 
and 7’ is the temperature; h=(7ic?—c?+2c)g, where g is related to the 
additional energy, Q, by the expression, g=e9/*". 
Good agreement.was found by Brunauer, Deming, Deming, qy) 
Teller in applying the above rather formidable equation to the dat, 
of Lambert and Clark [16] for the adsorption of benzene on a fer; 
oxide gel. The constants v,,=0.082 gram of benzene per gram oj 
gel, c=27 (corresponding to #,—E,=2,110 calories), h=47 4 
(corresponding to Q=1,690 calories), and (%=6 were used to calculat; 
the lower curve in figure 8. -This agrees very favorably with the ey. 
perimental points in the circles. The agreement is more remarkable 
when the simplifying assumptions used in developing the theory ay 
considered. In.the mathematical derivation of equation 4 it was 
assumed that the adsorption takes place between plane parallel walls 
and that all pores throughout the adsorbent are of uniform width 
It is now pointed out that an isotherm agreeing with the desorp- 
tion data can be calculated to fit the experimental data of Lamber: 
and Clark by changing one. constant in the previous calculation. The 
identical values for V,,, c, and 7% are used-as in adsorption, but h is 
increased to 164,100. This change in A corresponds to increasing () 
by 760 calories, to 2,450 calories. This increase in Q signifies that in 
the region of hysteresis the heat of desorption is greater than the heat 
of adsorption. The increment of 760 calories was determined from 
the data of Lambert and Clark and represents the difference between 
the average differential heats of desorption and of adsorption cal- 
culated by means of the application of the Clapeyron-Clausius equa- 
tion to the 40° and 60° C isosteres, representing 0.15 to 0.19 gram of 
benzene adsorbed per gram of gel. In this range the average values 
of the calculated heats were 8,660 calories for adsorption and 9,420 
calories for desorption, the difference being 760 calories. The cal- 
culated desorption isotherm, the larger value of Q being used, is shown 
as the upper curve in figure 8. Agreement with the experimental 
desorption points is not all that could be desired, but it is certainly 
all that could be expected. It is remarkabie that a change in one 
articular constant of equation 4 is all that is required to change the 
isotherm to correspond to the course of the desorption process. It is 
to be noted that as the hysteresis loop closes, the calculated differential 
heats of adsorption and of desorption become equal. This may x- 
count.in part for the deviation between theory and experiment in the 
lower and upper parts of the desorption branch. . 
A plausible significance may be attached to the above procedure 12 
that.it attributes hysteresis to some fundamental change in the 
adsorbed layer that takes place at a relative pressure near saturatiol 
A stability of the adsorbed layer to subsequent evaporation results, % 
evidenced from the increase in the numerical value of Q. A mult- 
molecular layer of adsorbate may be viewed as a physical state whos 
similarity to the liquid bulk phase must be complete at saturatio! 
pressures. Until that similarity is reached there are many inter 
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mediate configurations possible in the complex structure of the multi- 
molecular layer. The situation may be analogous to the clusters 
postulated by J. E. Mayer [17] in his explanation of the phenomena of 
the critical state by means of a statistical theory of condensing 
eystems. It suggests that molecular clusters of various sizes may 
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Ficure 8.—Caleulated isotherms according to the theory of Brunauer, Deming, 
Deming, and Teller for the data of Lambert and Clark on the adsorption of benzene 
m @ ferric oxide gel. 


Tuinates represent grams of benzene adsorbed per gram: of gel and abscissas represent relative pressures, 
P/ De. 
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form gradually at many points on the surface, depending upon thy 
interaction between the adsorbent. and the adsorbed layers. Thos 
large aggregates may be.independent of each other (but in a statisticy) 
equilibrium with the vapor) until a certain relative pressure is attaine; 
at which point they are modified by joining together in some fashioy 
Subsequently, desorption would have to occur from this modifie 
adsorbed layer. The desorption isotherm would then have to lie aboy: 
the adsorption isotherm until a sufficiently low relative pressure j 
resumed in order to depopulate the surface to the extent whey 
the molecular clusters are not stable. 

It will be recalled that in the discussion of the rates of adsorptig 
and desorption on coconut-shell charcoal—-1, activated carbon 
and bone char-2, the role of surface migration was emphasized in th: 
mechanism of gas adsorption. This was thought to be reasonable i) 
view of, first, the similarity. of the observed rate curves for substance 
differing widely in pore-size structure; second, the large surface ares 
of the adsorbents; and third, the higher concentration of adsorbed 
molecules on the surface compared with that present in the gas phas 
in equilibrium with the surface. The probability of surface mign. 
tion has a special significance in respect to the cause of hysteresis 
If the adsorbed molecules reach the interstices of an adsorbent by 
surface migration, it is very unlikely that the mechanism of capillary 
condensation can also operate. This immediately follows, as th 
mainstay of the capillary condensation theory is the reduction of the 
vapor. pressure to values that will eg condensation from th 
vapor phase at relative pressures below the saturation vapor: pre 
sure. Considerable evidence can be marshalled for the presence of 
surface migration on maay solids [4]. The main experimental prooli 
involve (1) the growth and solution of single crystals, (2) condens- 
tion of metal films on glass, metals, and various crystals, and (} 
various measurements of thermionic emission and _ photoelectr 
emission. The evidence in some cases is direct, but in other case 
it is of an indirect: nature. However, for processes involving physica 
adsorption, it is highly probable that diffusion by surface migration 
can be appreciable. 

In connection with the isotherms (fig. 5) for coconut-shell charcoal 
the explanatioa of the absence of hysteresis, except on desorptio 
from very high relative pressures, readily follows from the abo 
considerations. Due to the unimolecular character of this adsorp 
tion process, it is possible only at very high relative pressures t 
build a sufficiently high concentration of molecules on the adsorbing 
surface to form the intermediate configurations assumed to be preset! 
in the multimolecular layers. A classification of adsorbents 1 
terms of multimolecular adsorption concepts must coasider, in add: 
tion to the average pore radius, the difference in the heats of adsor- 
tion and desorption and the steric hindrance imposed on the po 
molecular layers by the geometry of the inner surfaces of the adsor 
ent. It should be remembered, too, that the constant 7 may » 
interpreted in terms of the width of the cracks and capillaries of th 
adsorbent which sets a limit to the maximum number of layers thi! 
can be adsorbed even at saturation pressure. At this pressure t 
limiting value of V/V,, should be equal to 7/2, as layers are buildit! 
outward from both walls. It may be seen from figure 8 that ‘ 
limiting value of V/V,,=3 for the data of Lambert and Clark 
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consistent with the value of n=6. As Brunauer, Deming, Deming, 
and Teller point out, this is true only if the value of g is high and that 
of n is low. Elsew here the experimental value for V/V,, is usually 
less than 7/2. This is understandable as the multimolecular theory 
of adsorption has not treated the interaction of each molec ‘ule with 
its ne ig thbor. 

Hysteresis in the physical adsorption of.gases remains as one of 
the outstanding problems in the field of adsorption. The phenome- 
non is rec ognized to be very complex and to be immediate ly confronted 
by the relatively limited progress that has been made in the funda- 
mental study of condensed systems. .The investigations based on 
capillary condensation theories, as pointed out in the first section of 
this discussion, are of limited application. The multimolecular 
theory of adsorption, however, may be considered as an alternative 
approach to the problem with some advantages for the moment in 
culding researches in this field. 


V. SUMMARY 


The pliysical adsorption and desorption of nitrogen were observed 
for samples of coconut-shell charcoal, activated carbon, and bone char. 
It was shown that good approximations to final steady states were ob- 
tained in the experiments. No appreciable differences were observed 
ini the time dependency of adsorption or desorption on these adsorbents. 
From the isotherms for adsorption and desorption it was shown that 
the magnitude of the hysteresis effect decreased in the order: bone 
char, activated carbon, silica gel, eoconut-shell charcoal. On the last- 
named substance, hysteresis was shown to occur only. if the desorption 
process was begun very close to saturation pressure—a region in which 
the Langmuir equation of unimolecular adsorption was not obeyed. 
The explanations of hysteresis, on the basis of capillary condensation, 
were reviewed, and an alternative interpretation was suggested in 
terms of the theory of multimolecular adsorption. 
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ABSTRACT 


This paper gives data on the linear thermal expansion, changes in structure, 
power factors, and effects of heat treatments on the thickness, opacity, and color 
f micas (muscovite, phlogopite, biotite, ripidolite, and zinnwaldite)from different 
jomestie and foreign sources. Tremendous linear thermal expansion was noted 
for some samples of phlogopite and biotite micas in a direction perpendicular 
to the cleavage plane. The transitions shown in the expansion curves of these 
samples at elevated. temperatures appear to be.related to the structural changes 
licated in the X-ray diffraction patterns. Heat treatment of two phlagopite 
micas and two muscovite micas to 600° C, with or without a load, caused con- 
siderable increases in the power factors of the former and only slight changes in 
the latter. Nearly all the muscovite-samples showed the greatest increases in 
ess (up to 155 percent) after heat treatment at 800° C. The large increases 
thickness of nearly all the muscovite samples accompanied changes from clear 
translucent to opaque, or from polychrome to metallic color. None of the 
species of mica can be considered as a substance or material of fixed and re- 
lucible properties. The physical properties of mica depend largely upon the 
emical composition, the nature of the crystals, their magnitude and orientation, 
e presence Of impurities, the way in which these enter the structure, the heat 
tment, ete. Some of the phlogopite and biotite micas that possess tremen- 
lously high thermal] expansion in a direction perpendicular to the cleavage. plane 
may be used for high-expanding elements in temperature-responsive devices but 
may be unsatisfactory for use in devices in which large changes in dimensions 
with changes in temperature are not desirable. 
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I. INTRODUCTION 


As an outgrowth of -tests made in connection with a military 
problem, an investigation of the linear thermal expansion of various 
kinds of micas (muscovite, phlogopite, biotite,-ripidolite, and 
viunwaldite) was undertaken. The determinations were madé in a 
_direction perpendicular. to the cleavage plane of the mica. The work 
Was extended to include an investigation of structural changes indi- 
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cated. by Laue X-ray diffraction patterns, power factors, and effec 
of heat treatments on thickness, opacity, and color. 

Mica! [1]? is one of the most important strategic materials ; 
time-of war *, and is indispensable in some modern applications ; 


TABLE 1.—~Sources and varieties (or qualities) of mica 


a Source Variety or quality * Submitted by 
| 





A. MUSCOVITE MICA 


| . | 
1682___| Brazil ‘ ‘ ..| White 1441 punch. BG Corporatior 
1684...| Canada....... news ..| Amber Simmonds Aeroc 
| | ‘Ine. 
1685__.| Brazil — ; af siete Do. 
_ = a ' ‘ eines : | Do. 
Selby | Plate mica (processed | Do. 
sheet supplied by New | 
England Mica Co). 
Los Volcansillos Mine, Guatemala_} Verde claro Office of Economic War 
fare.» 
— _ nasil | PGI. .ccocasccdenel Do, 
Durania Section, Colombia ...-| Black-stained ¢__...-- Do. 
ae ih Stained 4 or good stained ¢ Do. 
El Mico Prospect, San José de la ; ; Do. 
“oe Mica District, Colom- | 
via. | 
Near Camana, Peru... ial Do. 
Near Camana, Ferreyros, Peru as Do. 
Amber Mine, Concepcion Area, net astepelialackubibtidetiall Do. 
Depto. Santa Cruz, Bolivia. 
La Negra Mine, Concepcion Area, Do, 
Depto. Santa Cruz, Bolivia: 
San Juan Mine, Concepcion Area, i Do. 
Depto. Santa Cruz, Bolivia. 
New Hampshire. . -- ..| First quality Colonial Mica C 
tion. 
ae sil ..| Second quality. - Do. 
Old Mike Mine, 4}4 miles north of | First quality--_- Do. 
Custer, S. Dak. 
do Second quality | Do. 
Mill Race Mine, Avery County. | Green, first quality... -. Do. 
...do nme Green, second quality Do. 
Sink Hole Mine, near Bandana, | Ruby, first quality. Do. 
Mitchell County, N.C. 
Hawkins Mine, Stokes County, | Ruby, second quality. ..- Do. 
N.C 








Petaca Area, N. Mex , First quality-_----- Do. 
do... i Second quality -. Do. 
Purdy Mine, Mattawan. Twp., | Clear,! No. 1 quality Bureau of Mines 
Ontario, Canada. | 
Simard Mine, Bergeronnes Twp., “dl “ Do. 
Saguenay Co., Quebec, Canada. 
San Jorge Mine, Concepcion Area, | — -_..| Office of Economic Wx 
Depto. Santa Cruz, Bolivia. fare.» 
|’ Cordoba, Argentina | Semi clear_. , Do. 
icant ae anata ...| Semi stained : Do. 
— pubsmenne : | Stained ¢__. Do. 
_ nos sows Light green. - -. - | Do. 
Catamarca, Argentina._. Clear f.._.-. oe | Do. 
1747_.. do.-. eae . Semi clear... Do. 
1748_._| San Luis, Argentina. — ° Do. 
1749._.| Hibbs Mine, Hebron, Maine.... paen : H. W. Bearce, Natior 
Bureau of Standards 











* For classification of quality of mica, see ASTM designation: D351-38, ASTM Standard 
Nonmetallic Materials, p. 391 (1942) (Am. Soc. Testing Materials, Philadelphia, Pa.). 

+ Now Foreign Economic Administration. 

° Black stained: Apt to contain.some mineral inclusions consisting of magnetite (black). 

4 Stained: Free of mineral inclusions and cracks, but may contain considerable clay and vegets 
and may be more wavy and softer than the better qualities. 

© Good stained: Free of mineral inclusions and cracks but contains air inclusions, some vegeta! 
sions, and may be somewhat wavy. 

t Clear: Free of all mineral and vegetable inclusions, stains, air inclusions, waves, or buckles 
transparent sheets 


i The designation “‘mica”’ has been traced back to a publication by Agricola in 1546. 

2 viguses in brackets indicate the literature references at the end of this -paper. ‘ 
+ It has been stated in the public press that mica is probably the most important single war mater» 
without it “there would be no radar, no radio, no electric gun controls, and no detector devict 


} 
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TABLE 1.—Sources and varieties (or qualities) of mica—Continued 


———— } 


—_———=—— ——_ Lv — ———— 


Source 4 Vatiety or quality « | Submitted by— 


B. PHL OGOP ITE MICA 


Madagascar : ie Black, No. 995. ...-- ; BG Corporation. 
ide . wmeqasnon ees Aerocessories, 


Mozambique, Africa ianipenngomionnts a Office of Economic War- 
fare.> ‘ 
cnegneins Do. 


do ig Do. 
Burgess, C Sanada. Netoaal Museum speci- National Museum. 
men No. 78218. 
St. Lawrence County, N. Y-.--.-.- .-| National Museum speci- Do. 
men No. C3681 
St. Lawrence Mica Co. Mine, | Spark plug grade Bureau of Mines, Canada. 
Petit Pré., Quebec, Canada. ; 








C. BIOTITE MICA 





E. Blake Mine, Newdale, N. C:._| National Museum. speci- | National Museum. - 
men No. 90467. . 

Faraday Twp., Hastings Co., On- sapaaes ; Bureau of Mines, Canada. | 
tario, Canada. ; 

Ledford Cove Mica Mine, Macon 
County, N. C. 

Saunders Quarry, Oxford County, Do. 
Maine. 


Geological Survey. 





D. RIPIDOLITE MICA 


— — — 





ee — 


Three miles south of Westchester, National Museum speci- | National Museum. 
Pa. men No. 79023. 








E. ZINNWALDITE MICA 


] 


Morefield Mine, Amelia, Va-. .-. 2 Lf, = = 








— ——— ——$ $$ 





time of peace. It is used in many products, such as condensers, 
electric generating and motive equipment, radio tubes, airplane spark 
plugs, electric-light bulbs and sockets, X-ray apparatus, heating 
elements, and so forth. ~_ , 

Samples of mica were obtained from the corporations and Govern- 
ment agencies indicated in table 1. : 


II. MATERIAL INVESTIGATED 


Fifty samples consisting of five types of mica were investigated for 
three or more of. the following physical properties: The rmal expan- 
sion; changes in structure; power factors; and effects of heat treat- 
ments on thickness, opacity, and color. Available information about 
the _ es and the varieties (or qualities) of these samples is indicated 
In tab 

No chemical analyses were made on the samples of mica used in 
this investigation. The chemical composition of muscovite‘ mica 
may be re presented approximately by [Al,] (AISi;)O..(OH, F), K. 
Aluminum, [Al], is replaced by magnesium in phlogopite * mica, 

Q 1¢ muscovite for potash mica was reported by De Boot [2] to be derived from the locality Mus- 
ain k ISSIA, where this mica was found. 


; : I hc copite mica has a pearly to submetallic luster on cleavage surfaces, with a coppery reflection, which 
*a¥e rise to its name, derived from the Greek word “phlogopos,”’ firelike ii}. 
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[Mgs] (AlSis)O;. (OH, F); K, and by magnesium, lithium, titaniy 
ferric ‘and ferrous iron in other micas. Additional once 
about the chemical composition of different micas may be obtain 
from publications by Horton [3], Hendricks and. Jefferson [4], Pq. 
ing [5], Mohr [6], and Mellor [7]. Mica contains chemically cop. 
bined water. The most common impurities in mica are iron oxi 
silica, and clay. The spottiag or staining of mica has been aseri! 
to the inclusion of thin scales or streaks: of dark minerals, mos 
frequently iron oxides. 

Hendricks and Jefferson .[4] stated that moscovite miva has ; 
unique structure because of its distorted layer, whereas the bioti 
micas have variable structures because their lay ers are symmetri 
The distortion of the layer in muscovite mica is a result of i incomplet 
filling of the octahedral positions, so tliat some octahedral edges wi 
be differently surrounded than others. . All octahedral positions iy 
the biotite micas are filled and the octahedral edges are equivalent 

Hendricks and Jefferson [4] assumed that many elements of , 
mosaic in a mica crystal showing a well-developed structtire an 
perfectly regular, and any diffuse scattering is-due to random shifts 
in a limited number of the mosaic elements. 


III. PHYSICAL PROPERTIES 
1. THERMAL EXPANSION 


The fused-quartz-tube expansion apparatus described by Hidner 
and Sweeney [8] was modified so that short samples of mica cou! 
be used. With two exceptions,® each sample consisted of 20 to 10) 
disks of mica, approximately 16 mm in diameter. The disks 
various thicknesses were stacked to form a cylindrical sample 16 | 
23 mm in height (see footnote 6), in order to determine. the linex 
thermal expansion in a direction’ perpendicular to the cleavag 
plane.. ‘The sample rested on a flat disk of fused quartz, which was 
placed at the bottom of the fused-quartz tube in order to avo 
bending the disks of mica by the curvature of the bottom surface 0 
the tube. Similarly, a flat disk of-fused quartz was placed on top 
the sample.- A 45-cm movable fused-quartz rod rested on the up 
flat disk of fused quartz and extended above the. open end of 
fused-quartz tube... This rod is hollow but closed at the ends. 1 
bottom of*the rod is. concave and the top is flat. “A bar of s 
(about 38 cm long) with a weight at each end was placed horizontal! 
at the top of the 45-cm movable fused-quartz rod, so that the cente! 
of gravity of the steél bar and weights was at a point on the vertical 
axis of the fused-quartz rod. The foot of a dial indicator graduate 
to 0.01 mm rested on top of the steel bar. One junction of a Chrome: 
Alumel thermocouple was attaclied to the side of the upper flat dis 
of fused quartz above the sample of mica. An electric furn 
surrounding the tube containing the sample was used to cont! 
temperature during heating and cooling. 

Each sample of mica was subjected to a load represented by : 
sum of the weights of the upper fused-quartz disk, the mova 

* Sample 1681A consisted of 1 disk 0.3 mm in height (thickness). Sample 1709 consisted of 10 disks # 
was 3 mm in height. 


: The axis of the cylindrical sample represented the direction perpendicular_to the cleavage plane of 
mica. 
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fysed-quartz rod, the steel bar and weights, and the force exerted by 

the foot of the dial indicator. In most of: the expansion determina- 
tions, the load on the sample was 30 ib/in. 2 (2.11 kg/em *). In nine 
determinations the load *. was 1 Ib/in.? (0.07 kg/em 7) and in-one 
determination the load was 10 Ib/in? (0.70 kg/cm ?). ; 

The dial indicator fastened near the top of the fused-quartz tube 
indicated the differential expansion between the sample and an 

quivalent le ngth of fused quartz. A correction for the small expan- 
sion [9] of fused quartz was. applied. When enormous expansion 
foond the range (13 mm) of. the dial indicator was about to occur, 
the dial indicator was removed from the fused-quartz tube, and 

easurements of the displacements of the upper surface of the movable 
fused-quartz red above the upper end of the fused-quartz tube were 
made with calipers and a steel scale graduated in millimeters... When 
the sample had contracted sufficiently during cooling so that it was 
again possible to make observations within the range of the dial 
indicator, the indicator was replaced on the fused- -quartz tube. 

Figures 1 and 2 of the publication by Hidnert and Sweeney [8].show 
photographs of the fused-quartz-tube apparatus and auxiliary equip- 
ment before the modifications indicated in the present paper were 
made. Prints showing details of the original apparatus are available 
for persons interested in constructing this equipment. 

Figures 1 to 21, inclusive, indicate the results obtained on the 
linear thermal expansion of 30 samples of mica (muscovite, phlogopite, 
biotite, ripidolite, and zinnwaldite) in a direction perpendicular to the 
cleavage plane when subjected to a load. .In most cases, the load 
was 30 Ib/in.? , 

The results obtained on the lincar thermal expansion of 14 samples 
of moscovite mica in a direction perpendicular to the cleavage plane 
when subjected to a load of 30 Ib/in.? are shown in figures. 1 to 5, 
inclusive. The samples of muscovite mica were maintained at room 
temperature in the thermal-expansion apparatus under the load in- 
dicated for 17 to 23 hours before they were heated. During this 
interval of time the shrinkage of.the samples varied from 0.1 to 0.3 
percent. Most of the shrinkage at the initial temperature o¢curred 
during the first few (1 to 7) hours. During. the first heating, a slight 
shrinkage: was noted for most of the samples: when they were ‘main- 
tained for approximately 1-hour at 100°, 150°, 200°, and 250° C, 
respectively. Slight additional shrinkage .was observed when the 
samples were held overnight at approximately 250° C. Most of the 
samples contracted in an irregular manner during the first heating 
from room temperature to 600° C. .This contraction for the entire 
range was less than 2 percent for all except three samples. - In one 
sample (1687, fig. 2), the.contraction during heating between room 
temperature and 600° C: was 4.1 -percent. In two samples (1682 and 
1096, figs. 1 and 4), an expansion of 0.4 percent occurred on the first 
heating from room temperature to 600° C. Smooth contraction 
curves were obtained for all samples except 1684 (fig. 1) and 1687 

2), When. they were cooled from 600° C to room temperature. 
Most, of the curves obtained on heating and cooling in the second 
test are close to the corresponding curves obtained on cooling in the 
irst test. The authors are of the opinion that the shrinkages that 
occurred in the samples of muscovite micas at room temperature prior 


a 
iy 


load was 1 Ib/in.*, the steel rod and weights were not- used 
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to heating and at higher temperatures on the first heating resulty 
tincipally from the load on the samples which forced the laminas, ¢ 
ote of.the micas closer together. It is probable that evolution of 
moisture was also a factor in the shrinkages of these micas on thy 
first heating. 
The results obtained on the linear thermal expansion of 10 sampl« 
of phlogopite mica in a direction perpendicular to-the cleavage plan 
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Fiacure 1.—Linear thermal expansion of three samples of muscovite mica from B 

and Canada in a direction perpendicular to the cleavage plane when subjected 


load of .30 lb/in2 


when subjected to a load are shown in figures 6 to 15, inclusive. From 
the curves it can be seen that the linear thermal expansion of some 0! 
the samples is tremendous. In fact, this expansion is many  tunle 
that of any other known solid material. 

Five of the samples of phlogopite mica were maintained at roo! 
temperature in the thermal-expansion apparatus under a load o 
30 ib yin? from 16 to 21 hours before heating. During this interv# 


the shrinkage varied from 0.0 to 0.2 percent, slightly less than 10 
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the nruscovité samples tested. Samples 1681A (fig. 7) and 1709 
(ig. 10), on which no shrinkage was detected at room temperature, 
were made up of 1 and 10 disks, respectively, whereas the other three , 
samples of phlogopite mica contained 55 or 80 disks. 

ies samples of phlogopite mica (1681, 1681A, 1688, and 1711, 
figs. 6, 7, 9, and 12) expanded from 50 to 166 percent when heated 
from room temperature to 600° C under a load .of 30 lb/in?. The 
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TEMPERATURE 
Linear thermal expansion of a sample of. muscovite mica from Brazil 


fa pe cessed plate of muscovite mica (sample 1687) in a direction perpen- 
) the cleavage plane when subjected to a load of 30 lb/in.2 


Epansion curves of these four samples show that the rate of expansion 
is comparatively low between room te mperature and 100° C but very 
high for a short interval ® between 100° and 250° C. Above 250° © 
tate of expansion-is lower, although it remains high up to 600° C, 
Xpansion curves of these samples of phlogopite are irreversible. 


first heating of samples 1681 amd 1688, evolution of moisture was noted between 150° and 
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In general, the cooling curve lies above the heating curve, and oy 
cooling, the rapid contraction takes place at a lower temperature than 
does the rapid expansion on heating. When the heating and cooling 
cycle was repeated the curves on heating and cooling were closer 
together, and the total expansion was less on each successive cy¢| 

The first run on sample 1681A is unusual in that the curve obtained 
on cooling from 600° to about 200° C lies below the curve obtained oy 
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Figure 3.—-Linear thermal expansion of three-samples of muscovite mica {ro 
Guatemala, Colombia, and Peru in a direction perpendicular to the cleavage } 
when subjected to a load of 30 Ib/in.?? 


heating from about 200° to 600° C. The curves on heatin 
cooling between 100° and 600° C for the fourth test of sample | 
are nearly reversible. All four of these samples of phlogopite 
returned to within 2 percent of their original lengths after they wer 
heated to 600° C and cooled to room temperature under a load o 
30 Ib/in?: 

Phlogopite : samples 1681 (fig. 6) and 1681A (fig. 7) were a 
same source and supposedly were of identical material, the 
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apparent difference in the samples being that 1681. was made up of 80 
disks to form a stack 17.2 mm high, whereas 1681A consisted of 1 
disk 0.28 mm thick. The great difference in the expansion seems to 
indicate that this phlogopite mica is not uniform. 

Phlogopite sample 1711 (fig. 12) was heated three times under a 
load of 1 lb/in?. . Under this load the expansion from room temperature 
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Figur: _4.— Linear thermal expansion of three samples of muscovite mica from 
Jolivia, New Hampshire, and South. Dakota ina direction perpendicular to the 
cleavage plane when subjected to a load of 30 lb/in? — 


to 600° C was the highest of any mica measured, varying from about 
300 petcent for the first heating to about 240 percent for the third 
heating. The fourth run on this sample was made with a 30 lb/in’. 
load, which reduced the total expansion to 50 percent. 
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Phlogopite samples 1683, 1712, and 1732 (figs. 8, 13, and 15) whe 
subjected to a load of 30 lb/in’. expanded much less (all below 1; 
percent) than the four samples of phlogopite mica discussed above 
but there is a similarity in the shapes of the expansion curves. Thy 
similarity-is more apparent after the first heating. During the firs 
heating, samples. 1712 and 1732 indicated shrinkage up to 200° C and 
150° C, respectively. The former sample also indicated compan. 
tively ‘large expansion (4 percent) between 500° and 650° C and « 
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Fiaure 5.—Linear thermal expansion of three samples of muscovite mica from 


North Carolina and New Mexico in a direction perpendicular to the cleavoy 
plane when subjected to a load of 30 lb/in.? 
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shrinkage of 3 percent during further heating from 650° to 700° C. 
A duplicate of sample 1712 (fig. 14) under a load of 1 lb/in.? showed 
practically no shrinkage when heated from room temperature to . 
290°C and a much larger expansion (17 percent) between 500° and 
g00° C. Repeated heating under a 10 lb/in*. or 1-lb/in?. load elim- 
inated the high expansion or shrinkage between 500° and 700°.C on 
samples 1712 and 1712A (figs. 13 and 14). 
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Figure 6.—Linear thermal expansion of phlogopite mica from Madagascar (80 disks, 


sample 1681) in a@ direction perpendicular to the cleavage plane when subjected 
to a load of 30 lb/in.? 


The expansion curves of phlogopite samples 1709 (fig. 10) and 1710 
fig. 11) do not resemble the curves for any of the other. phlogopite 
micas. Both samples exhibited. large shrinkage when heated above 
500° or 600° C during the first heating under a load of 30 Ib/in’. 

_ The expansion curves of four samples of biotite micas are shown in 
igures 16 to. 19, inclusive.- These curves are irreversible on the 
heating and cooling cycles. 

A shrinkage of 0.4 percent occurred when the biotite sample 1713 
from Nowdala, N.C. (fig. 16) was maintained in the thermal-expansion 
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URE 9.-—Linear thermal expansion of a sample of phlogopite mica from Mozam- 


‘que, Africa, in a direction perpendicular to the cleavage plane when subjected to 
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apparatus at room temperature under a load of 30 lb/in.? for 22 hows 
Further shrinkage of 0.4 percent occurred during the first heating ty 
150° C. When heated from 150° to 600°C, the sample expanded |; 
percent from 150° to 500° C and 41 percent from 500° to 600° | 
Moisture was noted on the fused-quartz tube of the apparatus y 
about 600° C."° The curve for eooling below 500° C lies considera}jly 
above the expansion curve. At the end of -the first test, the leng:) 
of the sample was 3 percent greater than its original length. Simi, 
expansion curves were obtained on repeated heating, except 
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Figure 10.—Linear thermal expansion of a sample of phlogopite mica from Moz 


bique, Africa, in a direction perpendicular to the cleavage plane when sub; 


to a load of. 30 lbjin2 


expansion instead of shrinkage occurred on heating to 150° C, and | 
total expansion between room temperature and 600° C decreased wi! 
each successive ¢ycle of heating and cooling. On the sixth heating 
the total expansion between room temperature and 600° C was 
percent. 
Somewhat similar curves were obtained for the two biotite sample: 
1733 (Macon County, N. C., fig. 18) and 1734 (Oxford County, M 
fig. 19) when heated under a load of 30 lb/in.? Both samples indicat 
small shrinkage for the first heating to 200° C, moderate expansi 
between 200° and 550° ©, and high expansion above 550° C. Sam| 
1734 expanded more than 60 percent during the first heating fr 
1 Moisture was also noted at higher temperatures during the sixth heating. 


i After the sixth test, the color of some of the biotite mica disks of sample 1713 was found to have chan 
from black to a golden copper color. 


SION 
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50° to about 665° C. A shrinkage amounting to more than 20 per- 
cent occurred during further heating of this sample from 665° to-700° 
C. The length of sample 1734 after the first heating and cooling cycle 
was 6 perce ent greater than the original length. The maximum expan- 
sion of each sample during the second heating was less than that 
observed in the first heating. 
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Ficure 11.—Linear thermal expansion of a sample of phlogopite mica from Mozam- 
ingue, Africa, in a direction perpendicular to the cleavage plane when subjected 
to a toad of 30 lb/in.2 during the first test and 1 lb/in.2 during the second test. 


The tests were plotted from different origins. 








_ Lhe expansion curve of biotite sample 1730 from Ontario, Canada 

. 17) is different from the curves for the three biotite samples of 

- United States. A shrinkage of 0.4 percent occurred during the 

irst heating to 250° C with a load of 30 lb/in.?, and then an expansion 

of o1 only 0.8 percent when heated from 25 50° to 700° C. When cooled 

rom 700° C to room temperature the camels contracted 1.7 percent. 
5730—45 6 
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Figure 12.—Linear thermal expansion of a sample of phlogopite mica from. Bur 
Canada, in a direction perpendicular to the cleavage plane when subjected to.a 
of 1 lb/in2 during the first, second, and third tests and 30 lb/in2 during the f 
test. 

The fourth test was plotted from the same origin as the first test. 
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Ficure 13.—Linear thermal expansion of phlogopite mica from New York. (sample 
(712) in a direction perpendicular to the cleavage plane when subjected to loads of 
30, 10, and 1 lb/in®. during the first, second, and third tests, respectively. 


The tests were plotted from different origins. 
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Figure 14.—Linear thermal expansion of phlogopite mica from New. York 
1712A, from same lot as sample 1712, fig. 13) in a direction perpendicula 





cleavage plane when subjected to a load of 1 lb/in?. during the first and second t 


The tests were plotted from different origins. 
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Ficure 15.—Linear thermal expansion of phlogopite mica from Quebec, Canada, in 
a direction perpendicular to the cleavage plane when subjected to loads of 30 and 
! lb/in®. during the first and second tests, respectively. 


The tests were plotted from different origins. 
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Ficvure 16.—Linear thermal expansion of a sample of biotite mica from Ne 
North Carolina, in a direction perpendicular to the cleavage plane when subje 
to a load of 30 lb/in?. 
Tests 1, 2, and34 wére plotted from{different origins. 
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17.—Linear thermal expansion of a sample of biotite mica from Ontario, 
, in a direction perpendicular to the cleavage plane when subjected to loads 
f 30 and 1 lb/in®. during the first and second tests, respectively. 
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During the second heating and cooling cycle, the sample was subjectej 
to a load of only 1 lb/in.* The expansion was 3 percent from 20° ty 
600°C. At about 700° C, the sample expanded considerably (aboy 
36 percent). The curve ‘obtained during cooling lies considerably 
above the expansion curve. The length after the second test was 14 
percent greater than the length before this test. 

After the expansion tests on biotite samples 1733 and 1730, the 
outer laminas of some of the mica disks were found to be partially 
separated and wrinkled or curled. 
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Figure 18.—Linear thermal expansion of a sample of biotite mica from Ma 


County, North Carolina, in a direction perpendicular to the cleavage plan 
subjected to a load of 30 Ib/in’. 


Figure 20 shows the results obtained on a sample of ripidolite mica 
from Pennsylvania that was subjected toa load of 30 |b/in.’ during 
two cycles of heating and cooling. The sample indicated shrink kag 
during the first heating from 20° to 700° C. At.100°, 150°, 
and 250° C, shrinkage was noted when the sample was ‘held at 
stant temperature for one-half hour or longer. The large shrinkagt 
— ated on the curve at about 250° C occurred during a period | 

7 hours. The shrinkage of the sample when heated from 2!) 
700° C was 5 percent. When cooled from 700° to 20° C the samp 
contracted: regularly. The total contraction for this temperatu 
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range was 0.8 percent. . During the second heating and cooling cycle, 
the sample expanded and contracted, respectively, in a regular 
manner. The expansion for the second heating from 20° to 700° C 
was only 0.5 percent. 

The results obtained on a sample of zinnwaldite mica subjected to a 
load of 30 lb/in.? during two cycles of heating and cooling are shown in 
igure 21. Shrinkage was noted when the sample was heated to 
950°C. A-slight shrinkage occurred at 250° C when the sample was 
kept at constant temperature for 17 hours. When heated from 250° 
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URE ] Linear thermal expansion of a sample of biotite mica from Maine in a 
direction perpendicular to the cleavage plane when subjected to a load of 30 Ib/in?. 








) 700° C, the sample expanded 1.1 percent. An increase in the rate 
i expansion was noted Scien 600° and 700° C. The contraction 
lunng cooling from 700° to 20° C was 1.8 percent. Expansion oc- 
red throughout the range during the second heating am 20° to 
WW" C. An increase in the rate ot expansion also occurred between 
WW" and 700° C. An expansion of 0.1 percent was noted when the 
imple was maintained at 700° C for 10 minutes. The latter observa- 
oD, and the fact that the rate of expansion increased between 600° 
id 700° C, indicate the probable existence of a transition in the 
eghborhood of 700° OC, 


‘ I ‘pansion measurements were terminated at 700° C in order to avoid the danger of the mica disks fusing 
© usec-quartz parts of the apparatus. 
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FiGuRE 20:—Linear thermal expansion of a sample of ripidolite mica from Pe 


sylvania in a direction perpendicular to the cleavage plane when subjecied t 
of 30 Ib/in?. 
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FiGuRE 21.—Linear thermal expansion of a sample of zinnwaldite mica from |" 


ginia in a direction perpendicular to the cleavage plane when subjected to a loa 
30 lb/in’. 
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Table 2 gives average coefficients of expansion and coefficients of 
contraction of the samples of mica that were computed from the data 
plotted in figures 1 to 21, inclusive. The table also shows the changes 
in length of the samples after they were heated and cooled. Most of 
the coefficients of the samples of phlogopite and biotite micas are 
extraordinarily high. The maximum coefficients of expansion of these 
two types of mica are 0.0552 and 0.00411 per degree centigrade, 
respectively. The coefficients of expansion of the samples of musco- 
rite, ripidolite, and zirinwaldite micas are comparatively low. The 
maximum coefficient of expansion of these three types of mica is 
0.000036 per degree centigrade. In most cases when the load per- 
pendicular to the cleavage plane of samples of. phlogopite and biotite 
micas was decreased, the coefficients of expansion and contraction in- 
creased. Conversely, by applying heavier loads to these micas, it is 
possible to reduce the expansion. 


Tape 2.—Coeficients of expansion® of mica in a direction perpendicular Lo cleavage 
plane 
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See footnotes at end’ of table. 
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TABLE 2.—Coefficients of exrpansion* of mica-in a direction perpendicular to cleay 
plane—Continued 





Average 
Load Average | coeffi- ha 
perpen | enctiielent cient of | in leog 
Sample , dicular empera- | of expan- | contrac- . 
No Source Rest! to cleav- | ture amend sien bar tion per 
age plane degree degree 
of sample centigrade) centi 
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See footnotes at end of table. 
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TaBLE 2.—Coeffictents of expansion * of mica in a direction perpendicular to cleavage 
plane—Continued 
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See foatnotes at end of table. 
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TABLE 2.—Coefficients of expansion * of mica in a direction perpendicular 
plane—Continued 
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See footnotes at end of table. 
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apie 2.—Coefficients of expansion® of mica in a direction perpendicular to cleavage 
plane—Continued 
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urts A, D, and E of the table, each coefficient of expansion is expressed in the usual way as 8 whole 
t ultiplied by 10-*. However, in parts B and C, where most of the coefficients are extremely large, 
are expressed as decimal fractions. The first coefficient in part B is 0.00182. If written as in part A, 
X10°4 
nined from the heating and cooling curves in figures 1 to 21. ‘The plus sign indicates an increase 
th and the minus sign a decrease in length. 
ple indicated shrinkage when heated during this temperature range. 
ve coefficient of contraction from 600° to 20° C, 18X10-* per degree centigrade. . 
coefficients of contraction from 600° to 500° C and from 500° to 300° C, 177X10-* and 41X10 
ntigrade, respectively. 
coefficients of expansion from 300° to 500° C and from 500° to 600° C, 22X10-* and 316X10-* 
per degree centigrade, respectively. 
* Average coefficient of contraction from 600° to 500° C, 248X10-* per degree centigrade. 
» Sample indicated shrinkage when heated to 500° C; coefficient of expansion from 500° to 600° C, 10Xx10~* 
zree centigrade. 
| ated shrinkage when heated to 400° C; coefficient of expansion from 400° to 600° C, 10X10- 


ee centigrade. 


{ Aver 
vera 


Megaw [10] and Wood [11] reported data on the linear thermal 
expansion of mica in a direction perpendicular to the cleavage plane. 
Their results and those givén by other observers on the linear thermal 
xpansion of mica in a direction parallel to the cleavage plane are 
iven in table 3. This table also includes data on the linear thermal 
expansion of pulverized mica, rods prepared from pulverized mica, 
nd of micanite. ‘ 

From his X-ray examination of the phlogopite miica specimens used 
his determinations of their thermal expansion, Wood [11] found 
iat, in contrast with the usual effect of annealing, the heat treatment 
*| mica may bring about a pronounced mosaic formation without 
Apparent change in external appearance; that this structure is not 
hecessarily stable but may revert appreciably to the initial state dur- 
ing cooling; and that these particular thermal and structural character- 
ts are interdependent. He concluded that measurements of 

ermal expansion of the lattice constant perpendicular to the cleav- 
age plane indicate that the transition to the mosaic structure does not, 


T 
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owever, affect the perfection of atomic arrangement in the individual - 
vstallites and: that no chemical changes are involved. . 

The term “thermal expansion” as used by the present authors for 
he micas they investigated represents the thermal expansion of the 
sminas of one or more disks of mica in a direction perpendicular 
» the cleavage plane plus the displacements or separations between 
he laminas during heating or cooling. 

2. CHANGES IN STRUCTURE 
By H. C. Vacher ¥ 


. expansion and contraction curves of some phlogopite micas 
os, 6, 7, 9, and 12) suggested that changes in structure occurred 
etween 100° and 250° C. No. such change in ‘this temperature 
anve was indicated for the muscovite micas or for the biotite micas. 
curves for the first heating-cooling 7 for. biotite micas from 
‘orth Carolina and Maine (figs. 16, 18, and 19) are very steep between 
° and 600° C (or 700° C), but for successive cycles the steep por- 
ion is less pronounced. ‘This indicated that a change in the struc- 
ure of these biotite micas was initiated between 500° and 600° C, 
hich became more complete after each cycle. te, 
In determining the coefficient of thermal expansion for the crystal 
attice of Canadian phlogopite with an X-ray spectrometer, Wood [11] 
ound that the lattice expansion and contraction perpendicular to the 
leavage plane was uniform and followed the same curve between 18° 
nd 400° C. He showed, however, that the diffraction lines obtained 
rom some samples were considerably more diffuse and broken in the 
ange from 200° to.400° C than in the range from 18° to 200°C. It 


vas concluded that some phlogopite micas form a macromosaic 
structure when heated above 200° C that incompletely reverts to the 


nitial condition when cooled below 200° C. It 1s very probable that 


» change in structure of this nature would be registered on thermal- 
pxpansion and contraction curves. In order to determine if ‘this is 


rue for some micas used in the present investigation, Laue diffraction 
atterns were obtained on some samples (see table 4) at room 
emperature and at. elevated temperatures. aca 

A sketch of the furnace used in obtaining the Laue patterns is 
hown in figure 22. The furnace was constructed by winding Ni- 
hrome wire, 0.020-in. diameter, around asbestos board (% by 1% by 2% 
n.) containing a channel X, in. deep by '%. in. wide. The mica-disk. 
pecimen (%-in. diameter) was sandwiched between two aluminum 
trips (0.045-in. and 0.010-in. thickness) and slid along the channel 
intil it was opposite the pinhole collimator. The primary and dif- 
racted beams passed through holes (%-in. and \X-in: diameter, re- 
pectively) in the specimen holder. Aluminum foil (0.002-in. thick- 
hess) covered the ¥-in. diameter hole to reduce the temperature 
fradient. Diffracted beams from crystals in the aluminum foil were 
egistered on the film, but they were easily distinguished by their 
mall size from those diffracted from the mica specimen. The fur- 
ace was fastened to the pinhole collimator by means of a flange and 
‘whinum strip. In this position the collimated beam was perpen- 
dicular to the cleavage plane of the specimen. The temperature was 


* Division of \fetallurgy,*National Bureau of Standards. 
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determined with a Chromel-Alumel thermocouple that had | 
previously calibrated to correspond to a thermocouple located g/:, 
cent to the specimen and in the path of the collimated beam. [,;. 
tered radiation from a molybdenum target was used in obtaining \, 
Laue patterns. A pattern was obtained at room temperature, 
then the temperature was increased to 100° C and maintained ¢. 
stant to within 15° C. After exposing the film for 4 hours, the ; 
perature was increased to 150° C and another film was expose) 
4 hours. The furnace was cooled after each 4-hour exposure p, 
unless there was sufficient time to obtain a 4-hour exposure at g (i. 
ferent temperature during the same day. Table 4 shows the heatiy, 
cooling cycles and the temperatures at which patterns were obtains 
for each specimen of mica. 


TRANSITE : Avuminum = Sraip 
(FLANGE NOT SHowN) 


SPECIMEN 
HoLpoeg 


THERMOCOUR: 
/ 

















Mica INSULATION 





— Heatine Cou Leans — 





FiGurE 22.—Furnace used in obtaining Laue X-ray diffraction patterns of mi 
elevated temperatures. 


Different micas differed characteristically within the range of ten- 
peratures investigated. Figure 23 illustrates the change that occurm 
in muscovite mica (sample 1682) between 100° and 145° C. 1 
type of pattern (fig. 23, A) obtained at room temperature before ant 
after the heating-cooling cycles, consisted of single diffraction spo's 
whereas at 145°, 190°, 240°, and 285° C some of the spots 
doubled (fig. 23, B). The doubling of spots at elevated temperatu 
cannot always be considered as reversible, for patterns of the \ 
shown in figure 23, B, were obtained from other muscovite mica st! 
ples in the “as received” condition. Double spots indicate th! 
diffractions were registered from two crystals differing slightly 4 
orientation. It is noteworthy that the double spots are symmetr 
to the line of symmetry (Y, fig. 23). The thermal-expansion 
contraction curves (sample 1682, fig. 1) show no evidence of a tral 
tion to correspond to the change in structure that occurred betwet! 
100° and 145° C. 

Patterns typical of the changes that occurred in some philogop!' 
micas (samples 1681, 1681A, and 1688) when heated to elevated te 
peratures are shown in figure 24. Inspection shows that spots“ 
three zone lines (marked X, Y, and Z in fig. 24) intersecting at appr 
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COUR 


ray diffraction patterns of muscovite mica from Brazil sample 
1682 
it and below 100° C; B, typical of patterns obtained at 145°, 190°, 240°, 
spots are the result of diffractions by two crystals of slightly different orientations. 
distance from specimen.to film, 4.em. Reduced 4 





Journal of Research 


# the National Bureau of Standards 


B / \ 


x 


Laue X-ray diffraction patterns of phlogopite 
and Vozambique 


f patterns 


I'vpic 
, VI il 

perature w 
tained 
result 
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mica fron V/ 
sam ples 1681. 168S1.A and 1688 
it temperatures bel iransition 

different for different samples of phlogopite mica; B, typical « 
at temperatures above the transition temperature rhe increase in asterism is thou 
f buckling of very thin layers parallel to the cleavage plan Molybdenum t 
film, 4em. Reduced '4 
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Laue X-ray diffraction patterns ‘of biotite mica from North ¢ 
(sample 1713). 


heating; B, typical of patterns obtained at 475°, 590° C, and after cooling to room ten 
patterns indicate that heating caused a change.in crystal symmetry and buckling of thit 
the principal cleavage plane Molybdenum target, distance from specimen to film 
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after heating to 8Q0° C. 


Heating has transformed the structure (fig 
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Froure 26.—Laue X-ray diffraction patterns of phlogopite and mu 


and cooling to room temperature. 


i. Phiogopite mica from Mozambique (sample 1688); B, muscovite mica from Brazil 


of muscovite mica to. structure similar 


ite mica. Molybdenum target, distance from specimen to film, 6 «em Reduced 14 
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‘mately 120°, developed considerable asterism (radial streaks) at. 
elevated temperatures. In the patterns obtained from Madagascar 
phlogopite, asterism appeared on these zones between 190° and 245° 
( and became more pronounced at temperatures between 275° and 
ae5°(), However, after Madagascar phlogopite was cooled from 385° 
( to room temperature a pattern showed that the structure reverted 
to its initial condition. The behavior of the Mozambique phlogopite | 
was slightly different from that of the Madagascar phlogopite. Aster- 
ism on the X, Y,and Z zone lines appeared between 145° and 185° C 
and did not increase during heating to 385° C. However, after the 
Mozambique phlogopite was cooled to room temperature a slight 
gmount of asterism was present. Patterns obtained from specimens 


1—Heating cycles and temperatures at which Laue patterns* of mica were 
obtained 








Heating 
cycle 


Temperatures 
| 


°C 
20, 100, 20 
Muscovite, from’ Brazil, as received. -_.............- » 145, 20 
’ 285, 20 
~~ -- 2 ~"| 20, 100; 145, 20 
| Phlogopite, from Mad ived <-c-eo=| SS 
ilogopite, from agascar, as received _- 43... 7777] 20, 245, 275, 20 
20, 340, 385, 20 
20, 100, 135, 20 
: : y 20, 135, 190, 2 
Phlogopite, from Madagascar, as received - -- pate - om oy > 
___.-..-} 20, 340, 385, 20 
}(1._......] 20, 105, 20 
: 20, 145, 185, 20 
Phlogopite from Mozambique, Africa, a8 received d 20, 245, 20 
: ‘ 20, 275, 340, 20 
~7 77} 20; 385, 20 
lo ‘ ‘ , 475, 
Biotite, from North Carolina, as received ---l\9- = nee 


Biotite, from North Carolina . ‘ -}\< ane so 00 30 








see figs. 23 to 26, inclusive. ° 
ue pattern was also obtained after specimen was heated to 800° C and cooled to room temperature. 
‘ ame lot of mica as sample 1681. f 
/ After heating incident to thermal expansion determinations. (See fig. 16.) 


of phlogopite micas that had been heated and cooled incident to the 
thermal-expansion determinations showed slightly more asterism 
than the patterns obtained from specimens that had been heated and 
cooled in the furnace shown in figure 22. This increase in retained 
asterism was probably caused by the higher temperature to which the 
specimens were heated during the thermal-expansion determinations 
see page 315). The temperature ranges in which Madagascar and 
Mozambique phlogopite micas indicated breaks in the expansion and 
contraction curves (figs. 6, 7, and 9) are in good agreement with the 
temperature ranges in which a change in structure was indicated. 

lhe structure developed in biotite mica (sample 1713) at elevated 
lemperatures did not revert to its initial condition as did that de- 
veloped in the muscovite and phlogopite micas. The structure of 
the biotite mica before and after heating is indicated by the patterns 
of figure 25. The initial pattern of the biotite mica is similar to the 
mitial patterns of the phlogopite micas. At 475° and 590° C and 
{ter cooling to room temperature, the patterns of the biotite mica 
were alike and had a degree of asterism similar to that shown in 
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patterns obtained from the phlogopite micas in the range from jg: 
to 385° C. The permanent change in structure brought about ly 
heating to 475° and 590° C is in agreement with the anomalous them; 
expansion and contraction curves obtained for biotite mica (fig, };) 

The fact that samples of muscovite mica indicated very large jy, 
creases in thickness after heating to 800° C (see page 344) suggests 
the probable existence of a transition in muscovite mica at elevate) 
temperatures." The stable structure produced in biotite mica y 
elevated temperatures also suggested that the initial structures ¢ 
muscovite and phlogopite micas might be altered permanently } 
heated to a sufficiently high temperature, Accordingly, patiens 
were obtained from muscovite mica. (sample 1682) and _ philogopj 
micas (samples 1681 and 1688) after heating to 800° C and cooliy 
to room temperature. The pattern obtained from Madagascy 
phlogopite (sample 1681) showed some asterism but in general wa 
similar to pattern A in figure 24. However, the pattern obtained fron 
Mozambique phlogopite (sample 1688) shows considerable asters 
(pattern A, fig. 26) and is similar to the patterns obtained at temper 
tures between 185° and 385° C (pattern B, fig. 24). The patten 
obtained from the muscovite mica after heating to 800° C and cooliy 
to room temperature also shows considerable asterism (pattern 3 
fig. 26). . Inspection of the specimens showed that. heating to 80 
caused little change in the Madagascar phlogopite but had caused th 
Mozambique phlogopite and the muscovite mica to swell and | 
separate partly into numerous laminas. 

The structures of the micas investigated appeared to be fragn 
by heating, as indicated by the asterism of all refleetions. The aste- 
ism of the type shown in the initial patterns (before heating) ws 
confined to certain crystallographic zones, thereby indicating a ds 
struction in the lattice periodicity perpendicular to the principil 
cleavage plane [21]. The fragmentation produced in mica as a resi! 
of heating appears to be caused by the independent buckling of ven 
thin layers parallel to the principal cleavage plane. The asters 
resulting from buckling is superimposed on the asterism resulting fr 
a destruction in the lattice periodicity. 


3. POWER FACTORS 
By E. L. Hall ® 


The power factors * of some samples of muscovite and phiogopit 
micas were determined at 100 and 1,000 ke/s in terms of a type 722-) 
General Radio precision condenser. The samples were in the fo 
of 16-mm (-in.)-diameter disks that had been punched from large’ 
pieces of mica. A tinfoil disk approximately 14 mm (%¢ in.) in cial 
eter was cemented to one side of each mica specimen, and a tui! 
disk about 10 mm (% in.) in diameter was cemented to the other sitt 
of the specimen with small amounts of clear petroleum jelly, 
forming a small electric condenser. Four test specimens were pi 
pared from each sample. The capacitance of the test specie 
ranged between 70 and 200 micromicrofarads, depending upon thick 
ness. Further details of the test method and equipment were PU” 
lished in a.recent paper [23]. Table 5 gives the results obtained. 
“3 Zwetsch [20] found a change in the X-ray spectra of muscovite mica above 600° C 


4 Blectrical Division, National Bureau of Standards. 
* A tentative method of test for power factor of mica has been published [22] 
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Power factors of some muscovite and phlogopite micas before and after 








Treatment 


Power factors 
se 
1,000 ke/s 


10) ke/s 


i 
| 
} 
| 
J 





(Muscovite mica from } 
Brazil. 


1682 a 


{Muscovite mica from 
| Guatemala, 


1689 ® 


| 


{Phiogopite mica from 


TAR! 
ii © Madagascar. 


Phiogopite mica from 
Mozambique, Africa. 


1A88 b 





As received 


After heating to 600° C and cooling to 
room temperature with load of 30 
Ib/in.? incident to thermal expan- 
sion tests. (See fig. 1.) 


bas received 


After heating to 600° C and cooling to 
room temperature with load of 30 


Ib/in.*? incident to thermal expan- | 


sion tests. (See fig. 3.) 


}As received 


After heating to 600° C and cooling to 
room temperature with load of 30 
Ib/in.? incident to thermal expan- 
sion tests. (See fig. 6.) 


a heating to 600° C and cooling to 


room temperature without load. 


}as received 


After heating to 600° C and cooling to 
room temperature with load of 30 
Ib/in.? incident to thermal expan- 
sion tests. (See fig. 9.) 


— heating to 600° C and cooling to 
room temperature without load. 


Percent 
0. 10 

. 6 

. 03 
. 03 


Percent 





0. 06 





0. 10 
. 04 








0. 06 
.10 
. 05 
. 08 





.. 0.07 


Avg... 0.07 











Avg.>3 











* Power-f: 


ctor measurements were made at 25° C and relative humidity of 50 percent. 


* Power-factor measurements were made at 26° C and relative humidity of 34 percent. 
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The power factors of nearly all specimens of muscovite mica {y 
Brazil and Guatemala were slightly greater at 100 ke/s than at | 
ke/s. The power factor of each specimen of phlogopite mica y, 
considerably greater at 100 ke/s than at 1,000 ke/s. The power facto. 
of the samples of phlogopite mica from Madagascar-and Mozambiqy 
are considerably larger than the power factors of the samples of mys. 
covite mica from Brazil and Guatemala. Heating the samples 
phlogopite and muscovite micas to 600° C, with or without a load o 
each sample, caused considerable increases in the power factors of tl: 
phlogopite micas and only slight changes in the power factors of tip 
muscovite micas. The power factors of the phlogopite mica fn 
Madagascar which was heat treated without a load, are less than th 
power factors of this mica heat treated with a load. - However, {! 
power factors of the phlogopite mica from Mozambique heat treate 
without a load are considerably greater than the power factors of this 
mica heat treated with a load. 

An examination of table 5 indicates divergent values for the pow 
factors of different specimens of a given mica. These difference 
were not due to errors of observation but to variations in the specimens 
A discussion of differences of the power factors of mica is given ing 
previous paper [23]. 


4. EFFECTS OF HEAT TREATMENTS ON THICKNESS, OPACITY 
AND COLOR*® 


/ 


Five disks (about %-in. diameter) were cut from each of the ‘ 
micas, and their thicknesses were measured to the nearest 0.0001 in 
with a Zeiss micrometer that applied a load of 36 oz (1.02 kg) between 
parallel contacts having 0.315-in. (8.00 mm) diameter. The thick 
nesses of the disks of mica ranged from 0.0036 to 0.0594. in. (0.0% 
to 1.51 mm). 

One disk from eacl: kind of mica was placed on a slab of flint cla 
and heated without a load in an electric furnace to 600°.C maintained 
at this temperature for 1 hour, and then allowed to cool in the fur! 

A second, third, fourth, and fifth disk of each kind of mica \ 
heated to 700°, 800°, 900°, and 1,000° C, respectively, in a similar 
manner. After the disks of mica were cooled to room tempera 
their thicknesses were measured with the Zeiss micromete: 
applied the load indicated above. Table 6 shows the. changes 1 
thickness (in percent) of the disks of mica. 

All of the muscovite micas except the processed plate mica (sal 
1687) indicated changes in thickness of 2 percent or less after heating 
to 600° C. Nearly all of the muscovite samples indicated the greates' 
increases (up to 155 percent) after heating to 800° C. These res 
suggest the probable existence of a transition in muscovite mci 
between 600° and 800° C or a marked increase in the rate of cleavag 
in this temperature range. For nearly all of the muscovite sampies 
the increase in each sample after heating to 900° C is approxima 
equal to the increase after heating to 1,000° C and these change 
are considerably less than those after heating to 800° C. Horton » 
stated that at 400° C, muscovite mica begins to give up minute qual 
tities of its water of crystallization, at 700° C normal muscovite: 
——_—_____ - 


1? Designations of opacity and color and their interpretations have been taken from a report on! 
43C-97/44 from the Photometry and Colorimetry Section of the National Bureau of Standards 
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. about one-tenth percent of their weight, and as dehydration 
messes the mica swells and loses its transparency. The data on 
covite micas (under load) in table 6 are not in agreement with 
lo 4on’s statement relating to increase in swelling, if applied to 
mpert ture s between 800° ‘and 1,000° C. . 

The changes in thickness of the phlogopite samples ranged from a 
decrease of 25 percent to an increase of 39 percent. From these 
results it appears that phlogopite mica resists elevated temperatures 
better than muscovite mica. Horton [3] indicated that phlogopite 
micas, particularly light-colored varieties, are more resistant to heat 
than muscovite micas and will stand a temperature of 800° C without 

appr eciable dehydration, probably because they contain less water of 
erysti allization. 

The outstanding feature of three of the four biotite samples is 
the fact that they show large increases in thickness (17 to 134 percent) 
after heating to 600° C. The changes of the four biotite samples 
after heating to higher temperatures indicated increases from 1 to 45 
nercent of the original thickness. 

' The maximum change in thickness (increase of 45 percent) of the 
ipidolite sample was observed after heating to 800° C. For the 

e sample, the maximum change (increase of 120 percent) 
was note “ after heating to 1,000° C. 

Some of the heat-treated specimens of mica when measured without 
aload were found to have increased 8 to 20 times the original thickness. 
When measured with the Zeiss micrometer which applied a load of 

Le 0) MB 36 oz, the thickness of these specimens was reduced to less than two 
J01 0 HM times the original thickness (see table 6). 
‘tweed In order to indicate the changes in appearance which each mica 
thick- Mi had undergone as a result of the heat treatments at elevated tem- 
U.UN. HMM peratures, the. color designations of the disks of mica after the heat 
reatments and of disks that had not been heated are given in table 6 
arance of each mica disk is indicated by an opacity and a 
ies nation, and if necessary, by a one- or two-word description 
ire 

The opacity of each specimen of mica is indicated as clear, trans- 
cent, or opaque. If, by looking through the specimen, objects 
himney wad trees silhouetted against the sky) could be seen dis- 

y, the-specimen was noted as “clear.”” If the specimen trans- 

ed a noticeable amount of light but so scattered as to yield in- 

distinet imag res or no image, it was noted as “translucent.” If no 
ticeable light was transmitted, the specimen was noted as ‘“‘opaque.”’ 

The colors of all specimens not exhibiting metallic luster were 

signated in accord with the ISCC-NBS method of designating 
colors described by Judd and Kelly [24] and by Kelly [25]. These 

nations accord with those used in the National Formulary (7th 
tion, 1942). 

” Most of the opaque specimens of mica have a metallic luster and 
were given a color designation by comparison with polished samples 
of silver, gold, and copper. These color designations and their 

Fiteanings are as follows: 
Silver.—Substantially the same body color and highlight as polished 


—Substantially the same body color and highlight as polished 
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vr,—Substantially the same body color and highlight as polished - 


Cop} 
opper. 
Yellowish silver —More like silver than gold. 

Silvery gold.—More like gold than silver. 

Reddish gold.—More like gold than .copper. 

Golden copper.—More like copper than gold. 

Silvery copper.—More like copper than silver. 

Tarnished silver—Highlight darker and yellower than that of 
polished silver. 

Polychrome.—Many colored, as by interference colors. 

Many of the specimens of mica have an appearance partially like 
polished metal and partially dissimilar. The luster is metallic and 
the highlight can be described fairly well by the above terms. The 
body color, however, is lighter than that of the metal on account 
of light being diffused from the body of the specimen so that the 
metallic term is only partially applicable. These specimens have 
accordingly been given a double designation, a designation of the 
metallic luster by the above terms combined with a body-color 
designation in accord with the method of designating colors by Judd 
and Kelly [24]. | 

The specimens of mica were examined by light from the north sky. 
The designations of body color were found by comparisons with the 
charts of the Munsell Book of Color, complete 40-hue-chart edition, 
specimen and charts. being illuminated along: angles centering on 45 
degrees and viewed approximately along the perpendicular. The 
designations of metallic aie were obtained chiefly by observations 
in which the specimen and the metallic standard were licld in the same 
plane, illuminated at about 20 degrees from the perpendicular, and 
viewed at the angle of mirror reflection. 

All but two of the specimens of mica exhibited luster, either metallic 
or vitreous. The two exceptions were designated “mat” in table 6 
sample 1735, heat treated at 900° and 1,000° ©). 

The appearance of the mica specimens gives a fairly reiiable indica- 
tion of the degree to which heat treatment caused cleavage along 
crystal planes. The first indication of cleavage is the change from 
vitreous to a polychrome luster, and for clear specimens the change 
totranslucency. This first indication seems to be quickiy followed by 
a change from polychrome luster to metallic luster, and for clear 
specimens the change from translucent to opaque. Botb of these 
changes are to be expected from the development of many cleavages. 
A third stage of cleavage is indicated by the development of a body 
color lighter than that of the corresponding polished metal. The final 
stage of disintegration, indicated by a loss of luster, is the breaking up 
of the erystals into minute elementary crystals.. Only the sample of 
zinnwaldite mica reached this stage; the heat treatment to 1,000° C 
left it an ashlike, mat dark gray. 

lhe color differences among the original untreated micas seem to be 
ascribable to inclusions of varying amounts. The spots that develop 
from the heat treatment suggest segregation of these materials. 

Large increases in thickness of nearly all of the muscovite samples 
accompanied changes from clear or translucent to opaque, or from 
polychrome to metallic color. 

Horton [3] reported data by F. R. Caldwell, of the National Bureau 
of Standards, on some physical properties (color, condition of surface, 
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opacity, separation of laminas, texture, and size) of 19 samples of mic 
(muscovite, phlogopite, and biotite) after heat treatments ( (Without g 
load) to various temperatures between 600° and 1,200° C.- There yy 
no perceptible change in these micas after heating at 600° C exeoy: 
that a biotite mica from South Dakota swelled to 10 times-its origin, 
thickness and a phlogopite mica from Quebec, Canada, swelled ; 
about 8 times its original thickness. At 800° C all muscovite samp). 
showed radical changes, most of them swelling considerably. Two 0! 
the Canadian and all of the Madagascar phlogopites were not notab! 
affected at 800° C. At 1,200° C all the micas blistered and were 
changed as to be unsuitable for use. 


IV. DISCUSSION 


It has been stated by Mohr [6], Lewis, Hall, and Caldwell [27 
Horton [3], Houk [28] and Gwinn [29] that muscovite and phlogopite 
micas withstand heating between 400° and 600° C without appreciable 
change. The results obtained in the present investigation indicate 
that there was little change in the samples of muscovite mica when 
heated to 600° C, but there were appreciable changes in some of the 
samples of phlogopite mica when heated to 600° C. Some of the 
samples of phlogopite mica bad an enormous thermal expansion when 
heated to this temperature. Heating some samples of phlogopite mica 
to 600° C and cooling to room temperature caused appreciable changes 
in power factors, opacity; and thickness. 

There is some evidence [11] indicating that the thermal expansion 
of the elementary crystals of phlogopite mica is comparatively small 
The pronounced increases in the thermal expansion of some phlogopite 
micas (figs. 6,7, 9, 12, and-14) and biotite micas (figs. 16 to 19, inclu 
sive) may be ascribed to the displacement or tilting of the elementary 
crystals of the mica laminas on heating. 

Powell and Griffiths [30] investigated the thermal conductivity 
(under pressure) of some muscovite and phlogopite: micas up t 
temperature of 600° C, in a direction perpendicular to the cle: 
plane. Five specimens of Indian muscovite mica showed 
variations of the thermal conductivity with temperature over 
range 100° to 600° C. However, Canadian and Madagascan pl! 
vite micas indicated a pronounced decrease in thermal conductivity 
vetween 150° and 250° C, which was only partially reversi)! 
cooling. Subsequent examination of these micas by Wood [|! 
means of X-ray crystal analysis revealed the fact that in thes 
samples that suffered appreciable change in conductivity, the arrang 
ment of the elementary crystals composing the mica laminas became 
displaced from their ordered setting at approximately the same tet 
perature as the thermal conductivity change. It was considered 
that the surface crystals became stepped as a result-of the jeal 
treatment, even though the surface still appeared to be approx 
mately plane. 

Wood [11] concluded that these structural changes alone app 
to be responsible for the anomalies in the thermal conductivity of 
phlogopite mica. He stated that “The fall in thermal conductivity 
of these micas at elevated temperatures is to be explained by the 
physical disturbances in the macrostructure in which. an initially 
perfect crystal disintegrates into innumerable elements, themselvés 
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intrinsically perfect but differing very widely in orientation from the 
initial uniform formation. It is reasonable to suppose that the extra 
boundaries thus produced increase the resistance to the heat flow. . 
it is a new and interesting point that such a mosaic formation may 


Fhe brought about by a rise in temperature and may actually exhibit 


a partial recovery on cooling, and, as found subsequently, on aging. — 
The tendency to recovery and the critical temperature required sug- 
vest that the fragmentation is not due to escape of gas, known to be 
evolved by heated mica, but rather associated more intimately with 
he atomic structure.” 

In view of the fact that certain micas possess tremendously high 
thermal expansion in a direction perpendicular to the cleavage plane, 
it is possible to use them in temperature responsive devices.'* For 
example, one or more disks of a high-expanding mica in combination 
with a metal, alloy, or nonmetallic material may be employed so that’ 
when this combination is heated or cooled, a large differential expan- 
sion or contraction occurs. The large differential expansion and 
contraction offer a basis for controlling and indicating temperatures - 
over a wide, useful range. The action caused by the differential - 
expansion or contraction can be converted into a linear or angular 
movement. ‘The enormous thermal expansion, many times that of 
any other known solid material, makes it possible to use a considerably 
smaller expanding element in a temperature responsive device than is 
possible with a so-called “high-expanding” element of any other solid 
material. When high-expanding mica is used to operate thermal 
responsive devices it may not be necessary to depend on mechanical 
magnification which is often required with other materials. 

The high-expanding micas, which can be used to operate tempera- 
ture responsive devices, may present serious difliculties when used for 
some other purposes. For example, the use of such micas as insulating 
parts in electric devices where large dimensional changes are not 
desired, would affect. the usefulness of the devices when subjected to 
large temperature changes. Furthermore, the use of high-expanding 
micas in locked or rigidly bound parts of a device subject to large 
temperature changes would undoubtedly result in permanent injury 
to the. device. 


| 
A 


V. SUMMARY AND CONCLUSION 


This paper gives data on the linear thermal expansion, changes in 
structure, power factors, and effects of heat treatments on thickness, 
opacity, and color of micas (muscovite, phlogopite, biotite, ripidolite, 
and zinnwaldite) from different domestic and foreign sources. 

The results obtained on the thermal expansion of 30 samples of 
micas in a direction perpendicular to the cleavage plane when sub- 
jected Lo a load over the range 20° to 600° C (or 700° C) are indicated 
in figures 1 to 21, inclusive. Tremendous expansion was noted for 
some of the samples of phlogopite and biotite micas. The maximum 
coellicients of expansion of the samples of phlogopite and biotite micas 
are 0.0552 (between 100° and 114° C) and 0.004 11 (between 500° and 


ee 

_" During the preparation of the present paper, the attention of the authors was called to U. 8. Patent 
46,536, which was granted to Josef Reinthaler on June 24, 1941. His invention relates to thermostat and 
._ “t thermomotive means by the use of a pile of plates of muscovite mica to 600° C and of phlogopite mica 
*\0"C. ‘The present authors tested the 36 muscovite micas indicated in table 1 between 20° and 600° O, 
‘od did not find any that are suitable in this temperature range for temperature responsive devices. 
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600° C) per degree centigrade, respectively. The coefficients of o. 
pansion of the samples of muscovite, ripidolite, and zinnwaldite mio. 
are comparatively low. The maximum coefficient of expansion of jy 
samples of these three types of mica is 0.000036 per degree centigra(, 

Laue X-ray diffraction patterns of a few samples of micas (mys. 
covite, phlogopite, and biotite), at room temperature and at eleva; 
temperatures, are shown in figures 23 to 26. The transitions show 
in the expansion curves of two phlogopite samples and a biotite samp): 
at elevated temperatures appear to be related to the structural changss 
indicated in the X-ray diffraction patterns in figures 24 and 25. Thos 
changes may be ascribed to the buckling of very thin layers durin 
heating, resulting in the displacement or tilting of the elementary; 
crystals of the mica laminas. | 

The power factors of two samples of phlogopite mica from Madagy:. 
car and Mozambique were found to be considerably greater at 100 kes 
than at 1,000 ke/s. The power factors of these samples are consider. 
bly larger than the power factors of two samples of muscovite mica 
from Brazil and Guatemala. Heat treatment of the samples of 
phlogopite and muscovite micas to 600° C with or without a load 
caused considerable increases in the power factors of the former and 
only slight changes in the latter. 

The effects of heat treatments on the thickness, opacity, and color 
of 50 samples of various micas are indicated in table 6. Nearly all of 
the muscovite samples showed the greatest increases. in thickness (up 
to 155 percent) after heat treatment at 800° C. The results on the 
changes in thickness of the phlogopite and muscovite samples indicat 
that the former resist elevated temperatures better than the latter 
The large increases in thickness of nearly all of the muscovite sample 
accompanied changes from clear or translucent to opaque, or from 
polychrome to metallic color. 

None of the species of mica can be considered as a substance or 
material of fixed and reproducible properties. There are wide varia- 
tions in such properties as thermal expansion, power factor, and color 
These properties of mica depend largely upon the chemical compos- 
tion; the nature of the crystals, their magnitude and their orientation 
the presence of impurities, the way in which these enter the structur 
the heat treatment, etc. 

Some of the phlogopite and biotite micas, which possess tremet- 
dously high thermal expansion in a direction perpendicular to | 
cleavage plane, may have decided advantages when used for hig 
expanding elements in temperature responsive devices. 


The authors are greatly indebted to the corporations and Gover 
ment agencies listed in table 1 for the samples of mica used in tls 
research. The assistance of the following members of the staff of the 
National Bureau of Standards is also acknowledged: Deane B. Ju: 
for the determination of opacity and color of the specimens of mica 
Henry W. Bearce and Wilmer Souder, for valuable suggestions; 80! 
James F. Pfau for the preparation of the illustrations on therm 


expansion. 
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